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1. Introduction

1.1. A brief history of piezoelectric materials

Piezoelectric materials are those when an external stress is
applied, will produce an electric potential in the direction of the
polar direction. Inversely, they will undergo mechanical strain
when an electric ﬁeld is applied to the materials (the direction of
the strain is dependent on the polarisation of the material and the
orientation of the potential difference). Using these phenomena,
piezoelectric materials have been used in numerous applications
such as transducers [1-4], sensors [1, 5-8] and energy harvesters [79] just to name a few.
Piezoelectric materials include ceramics, crystals, thin/thick
ﬁlms, textured ceramics, composites, polymers, polar glasses, etc.
[10, 11]. However, there are limitations using single crystals for
applications that require piezoelectric materials. Difﬁculties in
fabricating single crystals such as high-cost, exceeding growth time
and large compositional segregation/volatilization make it unfavourable for use in wide engineering applications. For these reasons,
there has been a surge to produce aligned piezoceramic systems
that are low-cost to produce, enhanced mechanical strength [12,
13] for increased application potentials meanwhile possessing
comparable piezoelectric performance to their single crystal
counterparts.
One such method is Templated Grain Growth (TGG) in which a
template seed is added into the piezoceramic system before tape
casting. During sintering, the ceramic matrix particles will undergo grain growth around the template seed, orientating themselves in the same polar direction as the template crystal, thus
inducing what is known as “texturing”, the effect of orientating all
grains within the ceramic into a speciﬁc polar direction in order to
maximise efﬁciency when an electric ﬁeld or stress is applied for a
given application. Using this method, several textured ferroelectric ceramic systems, such as [001]-textured Pb(Mg1/3Nb2/3)O3PbTiO3 (PMN-PT) [14-19], [001]-textured Pb(In1/2Nb1/2)O3Pb(Mg1/3Nb2/3)O3-PbTiO3 (PIN-PMN-PT) [20, 21] and Pb(Mg1/
3Nb2/3)-PbZrO3-PbTiO3 (PMN-PZT-PT) [22] have been extensively
studied.
Due to the toxic nature of lead-based ceramics on both health
and the environmental impacts, there has been extensive research
and focus on lead-free piezoceramics [23-42], there are also active
studies on the textured lead-free systems, including (Ba0.94Ca0.06)(Ti0.95Zr0.05)O3 (BCTZ) with BaTiO3 (BT) templates [43-45], (K, Na)
NbO3 (KNN) based lead free with NaNbO3 (NN) templates [46] and
(Na0.5Bi0.5)TiO3-BaTiO3 (NBT) with NBT templates [27, 47, 48]. The
following sections will detail the evolution of piezoelectric materials for comparison and discussion.

Piezoelectric materials have been known since 1880 and have
evolved from quartz and Rochelle salt up to the breakthrough
discovery in the early 1940s with perovskite ferroelectric ceramics
BT in polycrystalline form, the milestone perovskite solid solution
Pb(Zr, Ti)O3 (PZT) with morphotropic phase boundary (MPB) in
1950s, and ﬁnally, the ﬁrst reporting of relaxor ferroelectric ceramics in 1961, which was Pb(Mg1/3Nb2/3)O3 (PMN) [1]. It was not
until the 1980s that PMN was investigated further as a potential
piezoelectric material when mixed with PbTiO3 (PT) [49]. In this
case, the ferroelectric PT combines with the relaxor PMN to form
solid solutions with MPB in which speciﬁc compositions show superior piezoelectric and electromechanical properties [17, 50]. PZT
solid solution with MPB compositions has been the mainstay
piezoelectric materials in last 70 years and dominating the piezoelectric material market due to the combination of high Curie
temperature (Tc), good piezoelectric and dielectric properties, and
easy composition tuning to tailor for various applications. This effect of ﬁne-tuning compositions of ferroelectric solid solutions to
exploit excellent properties has also been done in lead-free piezoelectric materials in the last 20 years [51-54].
Of particular signiﬁcance is that some of the relaxor-PT solid
solutions have been successfully grown into single crystal form. The
development of PMN-PT single crystals originally began from
growing another relaxor-PT system, Pb(Zn1/3Nb2/3)O3ePbTiO3
(PZN-PT), from PbO ﬂux and exhibited d33 > 1500 pC/N and
k33 > 0.90 respectively [1]. Limitations of using PMN-PT single
crystals included low coercive ﬁeld (Ec) and polymorphic phase
transitions (PPT): Transition temperatures in which the system
undergoes ferroelectric-to-ferroelectric phase transformation (TFF).
Hence, research and development into producing modiﬁed or
entirely new crystal systems need to be done in order to overcome
these shortfalls. The various relaxor ferroelectric single crystals
developed were categorised into three generations of crystals that
displayed changing piezoelectric and ferroelectric properties [1].
1st generation is characterised as having high k33 and d33, ~0.90 and
~1500 pC/N respectively, albeit with relatively low TFF, low Tc and Ec
(90  C, 135  C and 2.5 kV/cm respectively) [55] hence requiring
reﬁnement to improve the said stability of piezoelectric properties.
Increasing potential applications by improving the stability of d33 as
a function of temperature, drive ﬁeld and mechanical stress, hence
higher ferroelectric phase transition temperatures and Ec were
categorised as 2nd generation relaxor-PT single crystals. 3rd generation is relatively smaller scaled modiﬁcations by using dopants
to tailor the electromechanical parameters for a speciﬁc application
to increase the mechanical value (Qm) and decrease the dielectric
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loss, for high power transducer applications. However, all these
have the issue of high-cost fabrication and inferior compositional
uniformity that limit the crystal usages as mentioned previously. In
Section 1.2, the motivations and options of inducing single crystallike properties on a ceramic matrix that is more cost-effective and
modiﬁable: textured ceramics by TGG and/or Reactive Templated
Grain Growth (RTGG), will be discussed.

1.2. Motivations
1.2.1. Transitioning from polycrystalline ceramics to single crystals
The generally accepted approaches to enhance the dielectric and
piezoelectric properties of ferroelectric materials are obtaining the
MPB (two or more separate phases with different crystallographic
symmetries [1, 56-58]) in which polarisation rotation is signiﬁcantly easier due to the ﬂattened free energy proﬁle near MPB; and
PPT between rhombohedral to orthorhombic (TR-O) [59-62] or between orthorhombic to tetragonal (TO-T) [63-68] or tricritical point
[69, 70], tuned to room temperature, but with inferior temperature
stability. Other methods of enhancing piezoelectric response
include using “donor dopants”; where the cations with higher valences replace the cations on A- or B-sites of the perovskite materials, such as La3þ replacing A-site Pb2þ or Nb5þ replacing B-site
Ti4þ, generating A-site vacancies, accelerate the domain wall motion and contribute greatly to the extrinsic dielectric/piezoelectric
properties. Introducing the relaxor component in the ferroelectric
solid solution system is also an important method used to increase
the properties, such as PMN-PZT [22, 55, 71, 72], Pb(Ni,Nb)O3PbHfO3-PbTiO3 (PNN-PHT) [73], etc. However, there is evidence
that the piezoelectric response is independent of Tc and more
related to the PPT of the material [74]. Recently, the judicious
introduction of local structural heterogeneity in the ferroelectric
ceramic was found to greatly increase piezoelectric response but
with decreased Tc; nonetheless providing an alternative design
strategy for ceramics [54, 75, 76].
In general, ferroelectric single crystals possess much higher
dielectric and piezoelectric properties when compared to their
polycrystalline counterparts [55, 77, 78]. For example, the piezoelectric coefﬁcient (d33) of PMN-PT ceramics was reported to be on
the order of ~500e800 pC/N, increasing to the order of >1500 pC/N
in single crystal form, with exceptional high electromechanical
coupling factor k33 > 0.9, much higher than those of polycrystalline
ceramics (~0.78e0.8). For lead-based crystal systems, the
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piezoelectric coefﬁcients are found to improve signiﬁcantly when
compared to the ceramics with similar Curie temperatures [20].
Besides their excellent piezoelectric properties, ferroelectric
single crystals show strong anisotropic behaviour, depending on
the engineered domain conﬁgurations due to the variation of
symmetries and poling directions. The strong anisotropic behaviour and simpliﬁed microstructure in single crystals (without the
existence of grain boundaries as in polycrystalline ceramics) will
beneﬁt the theoretical exploration of the relationship between
microstructure and properties, from intrinsic and extrinsic contribution viewpoints, furthermore, the enhanced properties make it
possible to improve the device performance greatly from the
application viewpoint.

1.2.2. Transitioning from single crystals to textured ceramics
The method of solid solution single crystal fabrication, usually
Bridgman and Czochralski/top seeding solution crystal growth
methods, typically requires the use of expensive platinum crucibles, increased fabrication time and inevitable compositional
segregation/component volatilization during growth from the
melt. Solid-state crystal growth (SSCG) has been used as an alternative method of crystal growth by utilising an embedded seed
crystal in ceramic powder to initiate nucleation and growth,
eliminating the need for expensive Bridgman furnaces and less
criticality on compositional segregation during growth [78, 79].
This method reduced the time and costs associated with single
crystal fabrication but the issue of small seed crystal and porosity in
the achieved crystals limit potential use in large-scale fabrications
and application.
A method of enhancing the piezoelectric and ferroelectric
properties of randomly-oriented ceramic matrices, being comparable to single crystals, is by inducing texturing and orientation of
matrix grains in a speciﬁc direction via TGG or RTGG, where the
textured ceramics have a single crystal-like nature with respect to
the orientation of the crystal axis, hence an enhancement of
piezoelectric response is expected [80]. Using these methods,
fabrication is relatively easier compared to single crystals. For
comparison’s sake, a table of PMN-PT, PIN-PMN-PT and PMN-PZT
based materials in different forms are displayed in Table 1. It
should be noted here that the mechanism of TGG approach is
similar to that of SSCG, both use the crystal seed to induce the
controlled abnormal grain growth and induce the orientation of
ceramic matrix, driven by the difference in surface free energies

Table 1
Piezoelectric and ferroelectric properties of PMN-PT, PIN-PMN-PT, and PMN-PZT piezoelectric materials in single crystal, random and textured ceramic forms.
Composition
PMN-PT systems
0.64PMN-0.36PT
PMN-PT
0.68PMN-0.32PT (5 vol% BT template)
0.675PMN-0.325PT (5 vol% BT template)
PIN-PMN-PT systems
0.26PIN-0.40PMN-0.34PT þ Cu
0.36PINe0.3PMNe0.34PT
0.27PINe0.40PMNe0.33PT
0.33PINe0.38PMNe0.29PT
0.28PIN-0.40PMN-0.32PT þ Cu (5 vol% BT template)
0.36PINe0.3PMNe0.34PT (5 wt% BT template)
PMN-PZT systems
0.4PMN-0.6PZT
0.4PMN-0.6PZT þ 1 wt% Mn
PMN-PZT
PMN-PZT þ Mn
0.4PMN-0.6PZT (2 vol% BT template)
0.4PMN-0.6PZT þ Mn (BT template)

Form

d33 (pC/N)

Tc ( C)

kp

k33

tand

Pr (mC/cm2)

Ec (kV/cm)

Ref.

Ceramic (Random)
Crystal
Ceramic (Textured) f ¼ 82%
Ceramic (Textured) f ¼ 90%

450
1,500
1,200
525

160
130
170
167

e
e
e
0.76

0.72
0.9
e
e

e
0.005
0.020
0.050

22
21
28
35

5.9
2.5
4.8
5.1

[17]
[55]
[16]
[17]

Ceramic
Ceramic
Crystal
Crystal
Ceramic
Ceramic

584
450
2,742
1,338
927
780

225
245
197
172
200
225

0.68
0.49
e
e
0.87
0.59

e
e
0.95
0.89
e
e

0.009
0.011
e
0.008
0.013
e

33.1
31.6
34
25.8
32
38

10.0
9.8
5.5
6.0
8.8
10.4

[81]
[82]
[83]
[84]
[85]
[21]

230
180
1,400
1,100
855
720

234
225
211
203
235
210

e
e
e
e
0.83
0.53

e
e
0.9
0.9
e
e

0.019
0.003
0.005
0.002
0.025
0.003

e
e
28
27
e

e
e
4.5
6
e

[22]
[22]
[55]
[55]
[86]
[22]

Ceramic
Ceramic
Crystal
Crystal
Ceramic
Ceramic

(Random)
(Random)

(Textured) f ¼ 97%
(Textured) f ¼ 94%
(Random)
(Random)

(Textured) f ¼ 72%
(Textured) f ¼ 93%
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Fig. 1. Schematic representation of the poling process on tetragonal BT polycrystalline
ceramic at different scales.

between the advancing crystal plane and the matrix grains, but
signiﬁcant differences do exist. In TGG method, the thickness of
template seeds is on the submicron scale with high aspect ratio,
thus only induce texturing along the template seed direction.
Multiple template seeds are used in TGG, offering multiple lowest
energy locations for aligning the matrix grains, but abnormal grain
growth will be limited in the plane perpendicular to the seed
orientation because of the impingement of the grain boundaries.
This will average the anisotropic effect in the plane. On the contrary, one bulk crystal seed is used in SSCG, which will induce single
crystal without grain boundary, thus exhibiting strong anisotropic
characteristics, but this growth will take several days, other than
few hours compared to TGG.
The general effects of switching from single crystals to textured
ceramics for both lead-based and lead-free piezoelectric materials
result in decreased piezoelectric properties (d33, kp/k33) but with
careful donor/acceptor substitution and matrix/template selection
for texturing, it is possible to improve their performance
approaching their single crystal counterparts.

1.2.3. Comparing of single crystal, random and textured ceramics
To understand the variations in piezoelectric responses of single
crystal, random and textured piezoceramics, the different structures/microstructures must be compared and contrasted as their
performances are associated with these differences.
Regions within the ferroelectric crystals that have uniform
polarisation are called domains, which are separated from adjacent
regions with different polarisation direction by domain walls. The
purposes of domain formation include minimising free energy of
depolarising ﬁelds (Bound charges of spontaneous polarisation on
the surface of the crystal) and elastic energy associated with mechanical constraints [87]. Two types of domain walls can be present: 180 domain walls which separate anti-parallel domains and
are uniquely ferroelectric (Reduce the energy of depolarising
ﬁelds), and non-180 domain walls; which can be both ferroelectric
and ferroelastic (Reduce elastic energy) [87, 88].

The main differentiator between single crystals, ceramics and
textured ceramics are the different macroscopic symmetries, before
and after polarisation.
A diagrammatical representation of poling on tetragonal BT
ceramic is displayed in Fig. 1. In a polycrystalline ceramic, each grain
could be considered as a single crystal, containing several ferroelectric domains due to complex elastic and electric boundary
conditions [87]. Due to the random orientation of the grains,
anisotropy is neutralised creating a macroscopic symmetrical
centre that forbids piezoelectricity [89, 90], labelled as ∞∞m
spherical symmetry. Poling is required to induce piezoelectric responses by applying an electric ﬁeld, inducing cylindrical ∞m
symmetry [10]. However, there are more complex factors that affect
the piezoelectric response in ceramics, such as grain size [91] in
which it has been reported that smaller grain size would lead to
smaller domain size [92]. In addition, depolarising ﬁelds will also
form in ceramics due to the change in polarisation direction at grain
boundaries [87], thus deteriorate the average piezoelectric
properties.
On the contrary, once an applied electric ﬁeld (E) has been
applied along a non-polar direction of a ferroelectric crystal, a
domain conﬁguration is created consisting of energeticallyfavourable vectors with minimal angles of separation to Ps: also
known as ‘Domain engineering’ [50]. The contribution of the domains to the piezoelectric performance is based on the number and
possible orientation of domains, permissible by the crystal symmetry and the crystal phase of the material [50, 89, 90, 93]. The
relationship between engineered domain conﬁgurations and
poling directions can be seen in Table 2, the macroscopic symmetries are relevant to the phase and poling directions, resulting in
mm2, 3m and 4mm, respectively.
The engineered domain conﬁguration, in which the
energetically-favourable vectors arrangement allow easy polarisation rotation under the applied electric ﬁeld, gives rise to high
longitudinal dielectric and piezoelectric properties.
For textured ceramics, on the other hand, they have the same
symmetry ∞m as that of polycrystalline ceramics after polarisation
[10]. Due to grain orientation in the textured ceramics, generally
along the crystallographic [001] direction like that of the template
seed. That is, each grain is along [001] direction and poled along
[001], the overall piezoelectric properties will not be averaged by
the randomly oriented grains as observed in random ceramics, thus
exhibiting much higher piezoelectric properties than those of ceramics [50, 94, 95]. However, analogue to random ceramics, the
existence of the grain boundaries yet generate the depolarisation
electric ﬁeld and impede the domain movement around the
boundaries, give rise to the deteriorate piezoelectric properties,
being slightly lower than that of single crystal counterparts [87].
1.2.4. Restriction of lead components in applications
Motivations for switching to lead-free piezoelectric material and
develop them into a competitive alternative to lead-based counterparts include, but not limited to, increased regulations of
harmful substances for health and environmental impacts [34, 96,
97]. Standards have been implemented limiting the use of harmful
substances in electronic equipment, particularly lead. Two separate
regulations and directives have been established in previous years
to harmful substances in electronics: “Waste Electrical and Electronic Equipment (WEEE)” [97] and “Restriction of the use of
certain Hazardous Substances in electrical and electronic equipment (RoHS)” [96]. Lead for use in piezoelectric materials has been
exempted, due to the limited options of alternative piezoelectric
materials that can be used in current applications that are comparable to lead-based counterparts. It can be predicted that once
lead-free piezoelectric materials have made a breakthrough in
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Table 2
Possible domain engineered and monodomain structures formed in 3m rhombohedral (R), mm2 orthorhombic (O) and 4mm tetragonal (T) ferroelectric perovskites by poling at
sufﬁciently high ﬁelds along [001]c, [011]c and [111]c directions. Red and blue arrows denote energetically-favourable vectors and the direction of applied electric ﬁelds,
respectively (After [94]).

performance, lead-based piezoelectric materials will be removed
from the exemption list in favour of a less-harmful alternative.
Further investigation and assessment were done by the committee
as of 2016 have recommended a shorter schedule review period
within 3 years, and the exemption of PZT-based piezoceramics have
extended until 2021, allowing for a limited time to ready lead-free
alternatives for applications by then [34, 39].
1.3. Evolution of lead-free piezoelectric ceramics and crystals
The research into lead-free piezoceramics has gradually evolved
since the turn of the century [98, 99], with increased curiosity and
effort in recent years based on the motivations as discussed earlier
[46]. The following will discuss the evolution of lead-free
alternatives.
The ﬁrst lead-free piezoelectric ceramic investigated was BT
back in the 1940s [100], with reported piezoelectric responses of
d33 ¼ 190 pC/N and Tc ¼ 115  C [101] limited potential applications
due to the thermal instability. An alternative ceramic system was
later studied in 1959 consisting of (K, Na)NbO3 (KNN) with a molar
ratio of Na:K ¼ 1:1 and rhombohedral-orthorhombic transition
temperature below room temperature, orthorhombic to tetragonal
transition temperature of 200  C and Tc ¼ 420  C, but with inferior
d33 values [102]. Another important lead-free ferroelectric system,
(Na, Bi)TiO3 (NBT), was ﬁrstly reported in 1960s which attained
high remnant polarisation (Pr) and Ec but made it more difﬁcult to
polarise hence inferior piezoelectric responses [103]. The resurgence of lead-free studies originated from a combined effort of
increased regulations from lead-based electronic materials, as

mentioned previously, and the breakthrough of textured KNN
piezoceramics able to achieve d33 ¼ 410 pC/N, comparable to PZTs
[46].
Main focus in enhancing piezoelectric responses of lead-free
materials has been to modify pre-existing ceramic systems [104,
105] such as BT into (Ba, Ca)(Zr, Ti)O3 (BCZT) to obtain d33 up to
~620 pC/N but Tc ~ 93  C [69] and further reﬁning existing systems
via doping. Doping of KNN systems via the addition of Taþ5 [106,
107], Mnþ2 [108] Sbþ5[24, 58, 63, 109, 110], Srþ2 [53, 111, 112], Liþ
[41, 107, 113, 114], Caþ2 [110] and Agþ [115] in order to shift the PPT,
TO-T, to room temperature and increase piezoelectric response, but
offset by limited thermal stability and lowered depolarising temperatures [56, 116-118]. Further studies have been committed to
shifting low-temperature rhombohedral phase to room temperature to form TR-T [66, 69, 105, 119, 120] or rhombohedralorthorhombic-tetragonal (TR-O-T) MPBs with breakthrough d33 of
up to ~570 pC/N [70, 120-122]. Several achievements in lead-free
piezoelectric materials have involved reﬁning NBT-based systems
[120], NBT-BT binary, NBT-KBT-BT ternary [123] and other systems
[105, 124-127].
Alternatively, single crystals also have been grown, modiﬁed
KNN crystals show ultrahigh coupling: k33 up to 0.95, d33 ~ 545 pC/
N and TO-T ~47  C were reported but with low dielectric permittivity
[128, 129]. NBT-BT single crystals have also been explored and
shown to obtain elevated piezoelectric responses up to
d33 ¼ 360 pC/N, k33 ¼ 0.72 and TO-T close to room temperature,
albeit with decreased dielectric constant [27, 130-132]. However,
these responses are relatively low when comparing those of
ceramic systems with more complex composition and/or texturing.
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A comparison of lead-free KNN-based materials in different forms
can be seen in Table 3.
In the case of KNN piezoelectric materials, by texturing KNN
polycrystalline ceramics, it is possible to obtain d33 values comparable to those of their single crystal equivalents. By introducing
further dopants and more complex ceramic matrices, it is even
possible to produce ultrahigh performing textured piezoceramics
(d33 ~ 700 pC/N, kp ~ 0.76) surpassing single crystals [54]. Hence,
texturing ceramics are a strong competitor to single crystals due to
the relative ease of fabrication and potential enhancement of its
piezoelectric response.
In summary, the evolution of lead-free piezoelectric material as
competition to existing lead-based systems has exponentially
increased, particularly in the previous decade with increasingly
complex ceramic systems, doping elements and manipulating
crystal symmetries in order to increase their piezoelectric properties for use in potential applications.
2. Fabrication of textured piezoceramics
The following will discuss the multiple methods of inducing
orientation and texturing of ceramic systems in order to improve
their piezoelectric and dielectric performances approaching their
single crystal counterparts. The main methods: TGG and RTGG will
be explored along with the types of template seeds used for each
method. The fabrication and texturing processes will also be analysed in order to determine the signiﬁcant factors that can affect the
ﬁnal piezoceramic product.
2.1. Textured techniques
The advent of inducing texturing has been a signiﬁcant method
of increasing the piezoelectric and dielectric performance of both
lead-based and lead-free piezoelectric ceramics. Several methods
of texturing exist: TGG and RTGG. Both methods include texturing
via differing mechanisms.
There are links to template-matrix combinations that do show
an effect on piezoelectric response. Templates with very similar
crystal lattice parameters and chemical similarity have been
focused on in recent years, particularly with more complex ceramic
systems [43, 44, 54] as piezoelectric responses up to 700e755 pC/N
have been recorded using this method of texturing in lead-free
ceramics.
It should be noted that there exists a different method of grain
growth depending on the combination of templates and ceramic
matrix [80]. Those ceramics containing template seeds and
ceramic matrix particles of similar chemical composition but
differing surface characteristics are TGG, whilst systems with
entirely different compositions should be labelled as HeteroTemplated Grain Growth (HTGG). For the purposes of this review, we shall refer templated grain growth via TGG or HTGG as
simply TGG.

2.1.1. Templated grain growth (TGG)
TGG is a technique that has been focused in recent decades as a
method of replicating high-performance polycrystalline ceramics.
The template used can be a separate phase to the ceramic matrix in
its entirety, allowing for grain nucleation and growth to occur
around the templates. Alternatively, the template surface with the
lowest energy can be the site of grain growth in the system, using
the ceramic matrix to enhance this growth as described in Fig. 2.
In essence of piezoelectric materials, the templated particles,
varying from KSr2Nb5O15 (KSN) [23, 138], SrTiO3 (ST) [19, 139], BT
[20, 51, 71, 85, 140], NaNbO3 (NN) [54, 141-144], BLSF [145-147] and
(Na1/2Bi1/2)TiO3 (NBT)[47, 48], have been used as templates in both
lead-based and lead-free piezoceramics. The process involves orienting the anisotropic template seeds in the dense matrix ceramic
slurry, prior to casting, to ensure all added templates are facing
with the length parallel to the casting direction and to ensure
consistent texturing throughout during the ﬁnal sintering stage.
The mechanism for TGG texturing was observed in the [001]texturing of PIN-PMN-PT using BT template seeds [20]. During
initial sintering (1000  C), the ceramic grains begin nucleation
and growth at the highly-energetic template-matrix interface,
with increasing thickness of the said grains with initial polarisation orientation along the [001] direction at 1100  C. Rapid
grain growth is achieved at the aimed sintering temperature
(1250  C) and held for two hours as the density exceeds a critical
point and surrounding matrix particles are consumed by the
growing grains emanating from the template-matrix interface
initially. After sintering, the matrix grains have been equiaxed
into a shape and polarisation mimicking that of the template
seeds, albeit at a relatively smaller size than those of the templates used, resulting in signiﬁcantly high degrees of texturing in
the microstructure up to 98e99% [20, 148]. Exceeding sintering
only results in residual oriented grain growth due to the deﬁciency of matrix particles not yet consumed. This, in turn, results
in much higher piezoelectric coefﬁcients and electromechanical
coupling factors than those of randomly oriented ceramics of
similar composition without template seeds. The driving force for
TGG is the surface free energy difference between the template
and the ceramic matrix, based on the size of the templates and
pre-formed ceramic [140].
The resultant effect on the piezoelectric properties of ceramics is
the most signiﬁcant reason why TGG is the focus to replace their
ceramic counterpart. Since the early 2000s, TGG in relaxor-PT ceramics has been explored to date, attempting to describe the
mechanism behind the improvement of piezoelectric properties.
Initially observed by texturing PMN-PT with MPB composition
using BT templates [16], showed d33 between 1200 and 1400 pC/N,
not so far cry from the single crystal version (d33 ~1500e2000 pC/
N). On the other hand, the PIN-PMN-PT textured in [001] direction
using BT showed increased piezoelectric response while mechanical quality factor (Qm) decreased with increasing presence of BT
[21]. This trade-off is more noticeable when investigating shear
mode piezoelectric properties of PMN-PZT ceramics [21, 86].

Table 3
Piezoelectric and ferroelectric properties of KNN-based piezoelectric materials in single crystal, random ceramic and textured ceramic forms.
Composition

Form

K0.5Na0.5NbO3
(K0.5Na0.5)NbO3-1.0 mol.% CuO
(K0.5Na0.5)NbO3
[Lix(K0.516Na0.484)1-x](Nb0.713Ta0.287)O3:Mn
K0.5Na0.5NbO3
K0.5Na0.5NbO3
(K0.5Na0.5)NbO3-1.0 mol.% CuO
(K0.5Na0.5) (Nb0.965Sb0.035)O3-CaZrO3-0.03(Bi0.5K0.5)HfO3

Ceramic
Ceramic
Crystal
Crystal
Ceramic
Ceramic
Ceramic
Ceramic

d33 (pC/N) TO-T ( C) Tc ( C) kp
(Random)
(Random)

115
86
160
545
(Textured) f ¼ 80% 163
(Textured)
138
(Textured) f ¼ 96% 123
(Textured) f ¼ 98% 700

e
e
205
30
e
210
e
61

420
e
393
235
320
420
e
242

0.30
0.38
e
e
0.37
0.36
0.54
0.76

k33

tand

Pr (mC/cm2) Ec (kV/cm) Ref.

e
e
0.45
0.95
e
e
e
e

e
0.003
0.020
0.007
e
e
0.020
e

e
e
e
3.45
28
19.1
e
37.6

e
e
e
4.86
1.9
0.95
e
8.4

[133]
[134]
[135]
[136]
[133]
[137]
[134]
[54]

A.D. Moriana, S. Zhang / Journal of Materiomics 4 (2018) 277e303

283

Fig. 2. Schematics of TGG via different texturing mechanisms. Bold lines represent templates and may be dissolved into the ceramic matrix but left in to represent relative position
to grain growth.

The morphology of the template seeds used can signiﬁcantly
affect the resultant texturing and thus the performance of the
textured ceramic system. Modifying the aspect ratio, by increasing
the length of the template, the theoretical density and degree of the
oriented grains (also known as the Lotgering factor) have been
noted to increase signiﬁcantly [149]. The template alignment parallel to casting direction was found to be independent of the
morphology of the templates [150]. It is important that the sizes of
the templates are signiﬁcantly larger than those of the ceramic
powder particle size [20] as the difference in surface free energy
between template and matrix particles increases [19], providing
increased stimulus for TGG.
The effects of potential diffusion and interaction between templates and ceramic matrix during sintering have been explored
with varying templates in differing ceramic systems. The two
recently focused template particles used in TGG, BT and ST, were
found to have limitations on the piezoelectric and dielectric responses of piezoceramics [151]. Via clamping, BT can reduce the
maximum strain of [001]-textured ceramics originating from
possible lattice mismatch between the matrix-template interface
and also decay dielectric properties via composite effect.
Comparing to BT templates, the mechanism using ST template is
signiﬁcantly different as strontium atoms dissolve in piezoceramic
systems during sintering, avoiding issues of clamping on the
interface and the composite effect (phase separation). However, the
major limitation is the dissolution of strontium within the matrix
resulting in signiﬁcantly low depolarising temperature of the piezoceramic system, severely limiting its potential usage temperature
in applications.
The selection criteria for choosing a template for the purpose of
TGG in a given ceramic system was summarised below [147], and
can be used as guidelines for future work. The template must:
1. Have large anisotropic dimensions compared to the ceramic
matrix particle prior to sintering
2. Low chemical reactivity to ensure no dissolution at low temperatures (ideally at all temperatures as well)
3. Crystallographic similarity with the ﬁnal ceramic system to
ensure solid phase heteroepitaxy (orientated grain growth) and
topotactic (grain growth via adsorption of surrounding ceramic
particles) transition.
Generally the above-described templates follow these guidelines; however, some have a more signiﬁcant contribution to one
template than another. BT has low chemical reactivity yet relatively

dissimilar crystallography to many piezoceramics. ST is opposite
and has crystallographic similarity with many perovskite piezoceramic systems, but the dissolution of Sr2þ into the ceramic matrix
during sintering results in unacceptably low depolarisation temperatures [151]. It is important to consider this when choosing a
template for a given ceramic to texture as no perfect template exists
that will provide piezoelectric and dielectric performances as well
as temperature stability.
2.1.2. Reactive Templated Grain Growth (RTGG)
The process of RTGG in piezoceramics is very similar to that of
TGG but with the absence of calcining the powders via solid state
reaction as a separate step. The raw powder reactants are mixed
with the template, slurry components, cast then sintered in which
solid state reaction/calcination is done simultaneously in the
presence of the template, resulting in adsorption of both powders
and template and therefore texturing during sintering [139].
The characteristics obtained using RTGG allowed for texturing of
piezoelectric compounds with high symmetry [51, 152]. Other
important factors to consider in creating textured piezoceramics
via RTGG include chemistry and reaction design including precursor and template selection, dispersion of powders in the slurry to
ensure alignment of templates during casting, and control of
template and grain growth rates. In comparison to TGG, there are
more factors to consider obtaining highly textured and dense piezoceramics. For example, analysis into the effect of chemistry and
reaction design of Na0.5Bi0.5TiO3-BaTiO (NBT-BT) with Bi4Ti3O12
templates but modifying raw powders (using BT or a mixture of
BaCO3 þ TiO2 to observe their effects on texturing) was conducted
[153]. It was found that the mixtures showed different characteristics on the ﬁnal NBT-BT piezoceramic, where BaCO3 þ TiO2 reactants reduced the volume of oriented grains compared to presynthesised BT reactants, indicating that using BT circumvents
additional synthesis reactions during sintering as opposed to using
BaCO3 þ TiO2 which would require both higher temperatures and
longer hold time.
It has been proposed that the mechanism of RTGG is composed
of both RTGG and TGG mechanisms during sintering. Texturing of
NBT-based piezoceramics developed via the growth of template
grains via adsorption of matrix powders [154]. Later, it was suggested that oriented grain growth occurs in two stages for
Sr0.61Bi0.39Nb2O6 (SBN) piezoceramics, dependent on both mechanisms: at lower sintering temperatures, the main ceramic phase
forms by nucleation on the templates and growth within the matrix
with very low degrees of texturing (~38%). With increasing
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temperature, RTGG mechanism dominates resulting in nucleating
textured SBN grains without densiﬁcation or growth, increasing
texturing up to ~61% at 1200  C. The following stage at higher
temperatures (1250e1350  C), TGG mechanism dominates as
densiﬁcation and grain growth is prevalent resulting in rapidly
increased density and texturing (~96%), the templates are
consumed by matrix grain growth, resulting in oriented grains with
a single matrix phase present [23]. The sequence of phase formation and the corresponding XRD pattern is given in Fig. 3.
This can be considered an advantage over simple TGG, as one of
the underlying issues with using BT as mentioned previously is the
lattice mismatch, resulting in pinning and hence a reduction in
strain. Both RTGG and TGG has been compared within textured
PMN-PT fabrication, with RTGG method inducing better texturing,
higher piezoelectric performance albeit with longer holding time
during sintering [155]. Several other mechanisms of RTGG can be
used to induce texturing. One such method in which the template
and ceramic powder chemistry react to form the ceramic matrix of
desired composition, nucleating and growing from the template
seed sites is known as in-situ topochemical conversion [156].
Another method is oriented seeding of a phase transformation in
which the reactants are added as ceramic powders along with the
template of desired composition and orientation of the piezoceramic [139, 157]. During sintering, reactants in proximity of the
templates will react to form equivalent composition and the templates will nucleate and grow by assimilating these newly formed
products, essentially promoting grain growth of the templates into
the ﬁnal sintered piezoceramic.
RTGG is a potential option in texturing piezoceramics. Much
focus is placed on RTGG in lead-free piezoceramics, but this is
understandable as one of the components is the dissolution of
templates in the ceramic system, something that is not sought out
in lead-based systems as this can affect the performance negatively
(For example, Sr2þ dissolution in PMN-PT systems can reduce TC
signiﬁcantly [151]).
2.1.3. Other approaches (in-situ magnetic ﬁeld and sintering
proﬁles)
Methods on further improving texturing of piezoceramics have
been investigated. Several of which include in-situ modiﬁcations of
the ceramic during the processing stage to encourage orientation of
grains within the ceramic. Other methods include applying an
external magnetic ﬁeld during casting to promote alignment in a

given direction [158], or a two-step sintering proﬁle [160].
It was reported that by applying a 12T external magnetic ﬁeld to
CaBi4Ti4O15 after slip casting, and before sintering, the grains were
aligned parallel to the magnetic ﬁeld direction (as evidenced by
SEM, Fig. 4 and peaks in the XRD patterns) [158]. The resultant d33
and kp also increased. However, limited work has been done to
combine applying an external magnetic ﬁeld during tape casting,
particularly after casting and during drying, to attempt to induce
further orientation of particles and/or templates (if possible).
The effects of sintering on the ﬁnal texturing factor have been
extensively explored (will be discussed in Section 2.3.4 in the review) but typically involve heating to a speciﬁc temperature and
held for a speciﬁc time. A two-step sintering proﬁle has been used
to investigate the effects on phase transition and properties of
KNN-based piezoceramics [160]. By heating to 1120  C then cooling
to 1075  C and holding for 12 h, Pr increased and Ec decreased.
Dwelling time at high sintering temperatures is minimised, preventing volatilisation of alkali oxide whilst using reduced sintering
temperatures for increased hold times to promote densiﬁcation
and grain growth.
Both these methods can be potentially implemented during the
processing of both lead-free and lead-based piezoceramics in an
effort to further increase their piezoelectric and dielectric
properties.
In conclusion, texturing of piezoceramics is only possible by
orienting the template seed crystals in a given direction to ensure
the ceramic matrix is homogenous after sintering. By aligning the
crystallographic structure along a given direction like a single
crystal, the efﬁciency of polarisation rotation under an applied
electric ﬁeld will be signiﬁcantly increased. The possibility of using
domain engineering for a given ferroelectric phase to induce
anisotropy during poling of textured ceramics will increase
dielectric and piezoelectric response signiﬁcantly compared to
polycrystalline piezoceramics.
2.2. Template seeds used for texturing (homogenous &
heterogeneous)
As previously mentioned, several template seed variants have
been explored for use in both TGG and RTGG of both lead-based and
lead-free ceramics. Both BT and ST templates have received substantial investigations, which will be compared and contrasted in
relation to the synthesis methods and their effects on ceramic matrix.

Fig. 3. (a) Sequence of phase formation in a textured Sr0.61Ba0.39Nb2O6 system, and (b) selected XRD pattern at corresponding sintering temperatures (Reproduced with permission
[23]. Copyright 2011, Cambridge University Press).
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Fig. 4. SEM of Surface normal to sintered alumina (a) without magnetic ﬁeld (b) Surface normal to an applied 12 T magnetic ﬁeld (Reproduced with permission [158]. Copyright
2007, John Wiley and Sons).

2.2.1. BaTiO3 (BT)
BT has been used in TGG of lead-based piezoceramics in recent
years due to its chemical stability in solution, the increased degree
of texturing result in piezoelectric and dielectric properties
approaching to those of their single-crystal equivalents.
The process of template fabrication consists of three separate
chemical reactions in order to synthesise the ﬁnal BT template
crystals, via molten salt approach (Equations 1-2) [161].
2Bi2O3 þ 3TiO2 / Bi4Ti3O12

(1)

Bi4Ti3O12 þ BaCO3 þ 4TiO2 / BaBi4Ti4O15 þ CO2

(2)

has minimal impact [21]. In summary, it is important to use the
suitable amount of BT with sufﬁcient sintering temperature and
time to ensure all the ceramic particles are textured into the corresponding <00l> orientation for optimal piezoelectric and
dielectric properties.
2.2.2. SrTiO3 (ST)
ST is the second template seed used commonly in TGG due to its
comparable template-matrix interface. Another advantage of using
ST is the relatively less complex method of synthesis. ST template
synthesis can be done using only two steps via the molten-salt
method to produce Sr3Ti2O7 (Equation 4) [164]:

Particularly the second precursor, BaBi4Ti4O15, is treated with
care to retain the high aspect ratio shape when ﬁnally synthesised
into BT via the third and ﬁnal reaction (Equation 3):

3SrCO3 þ 2TiO2 / Sr3Ti2O7 þ 3CO2

BaBi4Ti4O15 þ BaCO3 / 2BaTiO3 þ 2Bi2O3 þ CO2

Sr3Ti2O7 þ TiO2 / 3SrTiO3

(3)

Hence less vigorous mixing is to be used. A comparison of the
morphology of each of the precursors under scanning electron
microscope is visible in Fig. 5.
Thorough washing with deionised water is necessary to remove
both molten salts and by-products of each chemical reaction and
prevent contamination in subsequent synthesis steps. This method
has been used to synthesise BT for TGG of PMN-PT [16, 162], PINPMN-PT [21] and PMN-PZT [86].
The effects of using BT on the ceramic matrix microstructure
typically show a dominant presence of perovskite structure as
evidenced by the fact that the [001] oriented BT templates make
the ceramic particles into texturing degrees of up to ~98%. Fig. 6
illustrates this effect with increasing content of BT used in PINPMN-PT ceramics.
The increase in texturing degree is also observed when
increasing the sintering temperature and hold time of the ceramic
tapes containing BT templates, proposing that sufﬁcient temperature and time for matrix particles to be consumed by the <00l>textured grains originating from the template-matrix interface
[163]. However, there exists a limitation with exceeding the content
of BT as it can affect the piezoelectric and dielectric properties.
Increased kp and d33 with increasing BT to a point of saturation at
10 wt%, indicated that the increased presence of BT may positively
affect the piezoelectric characteristics of PIN-PMN-PT but excess BT

(4)

Then ﬁnally SrTiO3 (Equation 5):
(5)

Like BT, the precursor was stirred and reacted under more gentle
conditions to preserve the morphology as the resultant ST would
base on the precursor. An SEM image of ST can be seen in Fig. 7.
The effect of ST on the microstructure has been explored and
observed to have texturing factors of approximately 80%, primarily
in initial sintering stages due to grain impingement between
adjacent ST particles in the matrix, where the resultant grain sizes
were found to have a narrow size distribution when compared to
other templates, such as Bi4Ti3O12[139]. Adding only 5 vol% of ST to
PMN-PT ceramics resulted in d33 of ~1200 pC/N [19]. When
compared to BT, the method of synthesis is relatively simpler and
faster but the impact to the Curie temperature of the ceramic makes
it less likely for possible use as a template within piezoceramics.
2.2.3. Other templates (NN, NBT, and BLSF)
The previous templates are typical of those used in lead-based
piezoceramic systems, primarily as the main constituents of templates in PT-based ceramics are chemically stable and remain their
own separate phase during TGG. For lead-free systems, however,
the most popular templates used are NaNbO3 (NN) and NBT
templates.
NN templates have been the primary choice in textured
(K0.5Na0.5)NbO3-based piezoceramics. As discussed previously, the
chemical similarity between the template and ceramic system
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Fig. 5. (Scanning electron microscope images of (left) Bi4Ti3O12, (right) BaBi4Ti4O15, and (bottom) BT (Reproduced with permission [161]. Copyright 2007, John Wiley and Sons).

make it susceptible to RTGG, or template dissolving, without fear of
adding unwanted or additional dopants. NN templates are typically
formed by two-step molten salt method via the chemical reactions
in Equation 6 [141]:

5Bi2 O3 þ ð2x
NaCL

 3ÞNa2 CO3 þ2xNb2 O5 ! 4Bi2:5 Nax1:5 Nbx O3xþ3 þ ð2x
 3ÞCO2
(6)
Using NaCl as molten salt, ball milled for 12 h, dried then
calcined up to 1190  C for 6 h. The precursor is then washed of
molten salt and potentially unreacted raw materials before mixing
with the reactants as labelled in Equation 7:
NaCL

4Bi2:5 Nax1:5 Nbx O3xþ3 þ 3Na2 CO3 ! 4x NaNbO3 þ 5Bi2 O3
þ 3CO2
(7)
To retain the precursor’s morphology, magnetic stirring was
used to mix reactants in ethanol for 8 h after which, NaCl molten
salt was added, heated up to 1020  C and dwell for 6 h before
washing and retrieving the ﬁnal NN templates. The NN template
sizes can be modiﬁed by altering the precursor’s reaction step, i.e.,
changing the synthesis condition or ball milling to reduce the
particle size of the resultant NN templates. Usage of NN templates
in other lead-free systems has been observed to reduce their
piezoelectric properties [165] due to the dissolution of unfamiliar
template elements into the ceramic system. Using NN templates in

lead-free systems such as KNN-based materials were able to obtain
d33 ¼ 700 pC/N and kp ¼ 0.76 [54] in TGG, while similar d33 values
were found via RTGG in the similar KNN-based systems [25, 134,
137, 166]. Another used template is perovskite K0.5Na0.5NbO3
(KNN), also common for KNN-based systems. Their ability to obtain
moderate d33 values [167] can be achieved when used in TGG. The
similar chemical compositions can result in reduced lattice
mismatch between templates and matrix grains.
Templates Na0.5Bi0.5TiO3 (NBT) [25, 47, 48, 168-170] has been
used in lead-free systems of similar compositions in order to
maintain chemical similarity into the sintered body. The most
promising composition using NBT-BT with NBT templates via TGG
attains d33 ¼ 322 pC/N [47, 48].
The previous mentioned ceramic systems are typically perovskite structured. Other potential ceramics used in lead-free piezoceramics include Bismuth Layer-Structured Ferroelectrics (BLSF),
due to their relative ease in texturing using grain growth [145] and
high Curie temperatures and thermal stability [171]. The most
promising system: SrBi4Ti4O15 (SBT) shows extensive texturing
using TGG of other BLSF template crystals of up to 100% [145]. Other
systems via substitution of Sr-site with cations [172], SrBi2Nb2O9
(SBN) [145, 171, 172], (Bi, La)4Ti3O12 (BLT) and CaBi4Ti4O15 (CBT)
have been explored in recent years [171] obtaining d33 of up to
~185 pC/N and Tc ¼ 390  C. However, comparing these to other
numerous lead-free ceramic systems, their piezoelectric responses
are lower for potential use and more focus needs to be placed in
order to utilise their thermal stability properties with competitive
piezoelectric performances. The BLSF templates were also used in
both TGG and RTGG of lead-free perovskite piezoceramic systems
in similarly bismuth-containing ceramic systems [145].
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In summary, the selection of template seed and the quantity
used for texturing have signiﬁcant inﬂuence on the piezoelectric
and ferroelectric responses of the textured piezoceramic. The size
and aspect ratio of the templates will affect the degree of orientation during tape casting and hence the degree of texturing and also
the piezoelectric response. As mentioned previously, depending on
the composition of the templates and the amount used, unfavourable ferroelectric and piezoelectric properties may be impregnated into the textured piezoceramic. Care must be taken to
minimise the potential inﬂuence of template properties on the
overall piezoelectric performance.
2.3. Important considerations impacting textured piezoceramics
The fabrication of textured lead-free piezoceramics is of critical
importance due to the complexity of the process involved in synthesising the template seeds and the ceramic matrix. It is also
critical that the multiple variables associated with synthesis, slurry
preparation, casting, and sintering are quantiﬁed as all can have
signiﬁcant impacts on the ﬁnal piezoelectric and dielectric properties of the piezoceramic. In the following, the methods of synthesis of each component and fabrication stages will be reviewed.

Fig. 6. (a) XRD patterns of the random and textured 0.36PIN-0.30PMN-0.34PT ceramics with 3, 5, and 10 wt% BT templates, (b) Texturing factor (Lotgering factor) as a
function of BT template content (Reproduced with permission [21]. Copyright 2005,
Cambridge University Press).

Fig. 7. SEM image of ST templates used (Reproduced with permission [19]. Copyright
2015, John Wiley and Sons).

It can be postulated that for an effective template used in a given
piezoceramic system, it depends on the type of system. For leadbased systems, BT works best possibly due to lattice compatibility
and chemical stability as a nucleation site for textured grains, while
for lead-free ceramics a chemically-related template is favourable
as it is able to be dissolved into the matrix to texture into oriented
grains.

2.3.1. Slurry components
The preparation of the slurry prior to tape casting is of signiﬁcant importance as it can affect the microstructure of the textured
ceramic which, in turn, will affect the piezoelectric property of the
ﬁnal textured ceramic product. Variables that need to be considered in the preparation of the slurry, including the properties of the
ceramic particles, solvents, binder, plasticiser, and dispersant to
produce a suitable green tape with minimal defects [173]. For TGG/
RTGG, an extra variable is considered: the addition of template
seeds and the need to align them parallel to the casting direction in
order to maximise texturing orientation during TGG/RTGG. Several
of the different components of the slurry will be discussed and
compared to those used in recent literature in the production of
their respective piezoceramics.
2.3.1.1. Pre-sintered powders. The post-synthesised ceramic particles have a signiﬁcant effect on the ﬁnal quality of the slurry and the
subsequent green tape, but also on the ﬁnal ceramic matrix after
sintering. In ceramics, it is preferred to minimise particle size in
order to reduce the grain size during sintering, increase effective
ceramic surface area thus increasing inter-atomic interaction and
spacing between particle, reducing porosity and increasing density
[174]. This can make it more difﬁcult to work with in terms of
controlling surface chemistry, using the increased content of
binders, dispersants, and plasticisers to account for which, in turn,
will affect the quality and properties of the cast tape [173]. Particle
size and distribution can have a signiﬁcant effect on the ﬁnal grain
size after textured sintering. Under simulation, the equilibrium
grain size is independent of powder size distribution but powder
size becomes more signiﬁcant with elevating temperatures [175]. It
is essential to keep the surface area below 20 m2/g to avoid problems relating to excessive surface area [173]. Ideally, the chemical
composition of each ceramic particle should be homogenous
throughout to promote compositional homogeneity in the ﬁnal
sintered piezoceramic.
2.3.1.2. Solvents. The role of the solvent is to distribute all of the
particles and components homogenously throughout the slip. The
aim is to dissolve, distribute powder and additives and ﬁnally be
non-hazardous for handling [173]. Other factors to consider is the
drying/evaporation rate of the solvent as a solvent that readily
evaporates will lead to premature drying of the slurry and/or tape,
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leaving a ‘skin’ on the slip and green tape. The ability to disperse
slurry components within the solvent is of critical importance,
where it is possible to use a mix of solvents that will ensure complete dissolution of all solutes within. The solvent typically makes
up the remaining volume or weight fraction of the slurry.
Solutions like Methyl ethyl ketone (MEK) are not solely used as
it evaporates and dries too quickly but has increased ability to
dissolve components in solution [173]. One method of retaining
this ability while reducing the drying time is by mixing with
another solvent such as ethanol in azeotropic mixtures [21]. In
recent literature, the favoured solvent for use in slurry preparation
is toluene [17, 19, 138, 139, 176] due to its ability to dissolve all
solutes and decreased drying rate. The associated health and safety
risks associated with exposure of toluene have limited its usage to
strictly controlled procedures. In later years, binary mixtures of
toluene and ethanol are used as solvents in ratios ranging from 5560 vol% toluene: 45-40 vol% ethanol [86, 140, 177, 178] to reduce the
presence of harmful toluene whilst retaining its favourable solvent
properties.
2.3.1.3. Dispersants. The role of the dispersant in the slurry is the
modiﬁcation of the chemistry of the ceramic particle’s surface,
thereby decreasing the slurry’s viscosity. The main objectives of a
dispersant is to separate powder so binder can freely create a gelnetwork, increase solid loading to retain slurry viscosity after the
addition of binder, decrease the amount of solvent needed (Reduce
drying time of green tape and shrinkage), and able to be burnt-out
completely before sintering [173]. An effective dispersant will act
against clustering and agglomeration of matrix particles, thereby
increasing the homogeneity of the ﬁnal cast tape and consequently
the ﬁnal sintered ceramic.
The mechanism in which dispersants affect the slurry can be
broken into three stages [173]:
 Stage I: the particle surface area is ‘wetted’ by the dispersant,
particle-particle forces include string electrostatic and weak Van
der Waals forces remain.
 Stage II: During mechanical separation, these forces are broken
resulting in even distribution of particles throughout the slurry.
 Stage III: Due to the dispersants and mechanical agitation,
agglomeration and clustering are inhibited.
The mechanism of particle-particle repulsion after separation is
the long molecular-weighted polymer chains of the dispersant
acting as ‘tails’, attach themselves onto the surface of matrix particles, acting as a barrier surrounding each particle, preventing
inter-particle contact. It is able to modify the particle surface
chemistry prior to the addition of binder due to preferential reaction with particle surfaces, allowing for less volume of binder to be
used and used more efﬁciently.
The most commonly used dispersants for tape casting ceramic
slurries include blown Menhaden Fish Oil (MFO) and phosphate
ester. Early works used MFO as a dispersant when fabricating piezoceramics [149, 179]. The composition of over twenty types of
fatty acids with long polymer chains makes it useful in maximising
inter-particle repulsion in solution. It is also favoured since it dissolves well in both ethanol and toluene solvents. In MFO, The active
polar ester group increased the fatty acid content and further
completes wetting of particle surfaces [23, 43, 149, 179]. The second
option of dispersant is phosphate ester, which inhibits ‘steric hindrance’ (like MFO) as well as increased ionic repulsion between
particles, a favourable effect in the fabrication of certain ceramic
systems [177]. The ester’s enhanced inter-particle repulsion characteristics, however, have a drawback of potentially contaminating
the green tape after casting during the burn-off stage with residual

phosphorus, known to affect the dielectric conductivity of certain
ceramics. Other dispersants used in recent literature include polyethylene glycol (PEG200) and dibutyl phthalate [21], industrial
mixtures of dispersants (Darvan 821A [180] and Hypermer KD6
[181]) just to name a few.
It remains of importance that a suitable dispersant must be
chosen for a given slurry if it dissolves completely with the solvent
used, provides particle separation, homogeneity, and ideally
completely react with all particle surfaces prior to the addition of
the binder.

2.3.1.4. Binders. The binder provides strength, ﬂexibility, plasticity,
lamination, durability, toughness and smoothness in the green
tape. The binder is the second component chosen (ﬁrst being the
ceramic powder) with solubility, viscosity, cost, strength, liquidgelation temperature (Tg), Burn-off temperature and residue to be
considered [176]. The main mechanism of interactions in the slurry
is the formation of three-dimensional gel-network in-between the
powder particles due to the increase in Tg with increasing binder
content, due to high molecular weighed polymers or precursors
that become polymerised and form the gel-network. The polymer
length is somewhat proportional to the ﬁnal viscosity, lowermolecular-weight binder polymers result in a lower viscosity of
the slurry, which in turn lowers the green tape strength, requiring
larger binder content to make the green slip of sufﬁcient structural
integrity [173].
The majority of binders can fall into one of the two categories:
Vinyl and acrylic binders. Vinyl binders such as polyvinyl butyral
(PVB) are favoured due to their ability to burn off with little residue
in the green tape, forming carbon dioxide and/or monoxide using
ﬂowing oxygen. Attention must be placed in choosing Vinyl binders
into the types of volatile components that reside after burn-off and
whether it can negatively affect the ﬁnal microstructure of the
ceramic matrix during the sintering stage (Carbon or “ash”).
Texture ceramics have used vinyl binders such as polyvinyl alcohol
(PVA) [81, 138, 149, 151, 182-184], polyvinyl acetate [158], polyvinyl
butyral (PVB) [15, 21, 140, 165, 177-179, 181]. Acrylic binders are
favoured due to their low cost, green strength, solubility in solvents,
Tg. The residue typically left after burn-off, which is relative cleaner
than that of vinyl binders as they disassemble then evaporate
whereas vinyl binders oxidise and burn in oxygen. Some articles
have used a copolymer mix as a binder for tape casting, in an effort
to amalgamate favourable binder properties of both into the slurry.
A mixture of polyisobutylene (PIB) and polymethyl methacrylate
(PMMA) [176] was experimentally found to show strong, ﬂexible
green tapes with a residual burn-off mass of 0 mg at 455  C, albeit
with shrinkage [176]. Several commercial binders have been used
in experimentation which contains several polymers such as Ferro
73210 [19, 139], Ferro 73225 [86], TC-51 [148], polyethylene glycol
[185] and polypropylene carbonate [186] just to name a few.
As mentioned in Section 2.3.1.3., the interaction between the
binder and dispersant must be carefully considered as it can reduce
the amount of components required of each to produce an optimum green tape. It is possible for the binder to act as a multifunctional component and act as a dispersant of the ceramic
particles [173, 187, 188]. Binder chains have a tendency to replace
dispersants on the particle surfaces hence requiring more binder to
function as a network-former in the slurry. One method of remedying this issue is to add separate mixing stages to maximise particle coating and gel-network formation.
The binder remains an important component that must be
chosen carefully as it interacts with not only the particles but with
the other components and has a primary impact on the ﬁnal green
strength properties and the ﬁnal ceramic product.
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2.3.1.5. Plasticisers. The role of the plasticiser in the green tape
after casting is to provide both elastic and plastic properties for
forming, laminating and shaping, lacking in binder-only slurries
[159, 180]. The role of the plasticiser is to work around the binder
polymer network to allow ceramic particle motion inside the green
tape without altering the network, effectively acting as a ‘lubricant’.
Plasticisers can be categorised into two different categories, each
with their own mechanism of inducing formability to the green
tape [173].
Type I plasticisers react with the binder polymer chains, ‘softening’ them between particles. This can be either though shortening the polymer length of the binder or partially dissolving the
polymer end-groups, lowering the Tg to below room temperature
thereby imparting plasticity without fracture and lower Young’s
modulus of the stress-strain curve of the green tape. This can
require mixing for at least 12 h or premixed. Type I plasticisers
include phthalate-based solutions are used due to their enhanced
ability to be easily dissolve in most solvents.
Type II plasticisers impart plastic deformation by acting as a
lubricant between particles and the binder [181]. Yield strength is
decreased for the green tapes, allowing for easier lamination and
moulding of multiple tapes together. This can also translate into
ease of deformation under the stress of drying, inhibiting the formation of cracks within the green tape by preventing polymer
chain knotting and increased ﬂow. Additional beneﬁts of Type II
plasticisers include aiding ﬂow under the tape blade during casting,
reducing streaks and as a ‘release agent’ of the binder when
burning off [179]. Excessive Type II can reduce the yield strength
below that of the tensile strength, at which point the green tape
will be unusable.
Using a combination copolymer of Types I and II, it is possible to
fabricate a green tape with ease of plasticity to be deformed and
moulded into any given shape after casting. Compatibility with
other slurry components can also increase by using both types.
Several plasticisers have been used such as butyl benzyl phthalate
[181], di-n-butyl phthalate [140, 165, 177, 178], and polyethylene
glycol (PEG) [149, 151]. Some works have used a binary mixture of
Types I and II plasticisers such as butyl benzyl phthalate (BBP)
(S160) and polyalkylene glycol (PAG) (UCON) in varying ratios [149,
179, 186], PEG and dibutyl phthalate [21].
The plasticiser is an important component in introducing plasticity, formability and laminating characteristics into the green tape
after tape casting and needs to be considered carefully and determine how much is necessary to be added to the slurry for casting.
2.3.1.6. Template dispersion. Dispersion of the templates into the
slurry can have a signiﬁcant effect on the homogeneity and distribution within the slurry. Priority is placed on not breaking the
template morphology during mixing hence care must be taken in
dispersion milling by mixing at slow speeds. Some reports shown
that the templates were mixed in the initial stages of the slurry
preparation with the powders [29, 140], others reported the templates were mixed simultaneously with components [165] or
directly after dispersion of other components as a separate stage in
the preparation stage [21, 43, 86, 149, 151, 187]. To maintain template morphology and dispersion, template dispersion should be
after all components have been added to the slurry and mixed
thoroughly, subsequently mixed for 1e2 h slowly.
2.3.1.7. Slurry preparation. The preparation of the slurry prior to
tape casting is of signiﬁcance as it deﬁnes the green tape’s mechanical characteristics, density, the orientation of the template
seeds in the correct direction which all have a consequential effect
on the ﬁnal ceramic microstructure and therefore its piezoelectric
properties. The slurry preparation process has been categorised in
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order to produce a high-quality slurry [173]. A ﬂowchart of the
slurry preparation process is displayed in Fig. 8.
The ﬁrst stage involves inspecting and cleaning the ceramic
powders. Post-synthesis, incoming template particles need to be
thoroughly washed, dried and free from contaminants from previous reactions (molten salts, by-products, unreacted reactants,
solvents, etc.). Once complete, next step is the primary dispersion
milling stage of the slurry in a planetary ball mill. Solvent and
dispersant are inserted into a milling jar and media and mixing to
ensure complete coating of the dispersant on ceramic particle
surfaces and disaggregation of clusters, resulting in a homogenous
mixture throughout the slurry in the solvent. The milling media
commonly used due to its chemical inertness and reusability is
Yttrium-stabilised zirconia balls [21, 164, 189] between 3-5 mm in
diameter. It is also important to avoid adding excess solvent during
this stage. Solvent, powder, dispersant and milling media should
occupy between 50-67% of the total volume of the vessel to leave
room for the other components and allow for mass transport during mixing [173].
Second milling stage involves combining plasticiser, then a
binder. The plasticiser can be added ﬁrst and mixed through before
adding the binder to ensure clumps are not initially formed on the
onset of adding the binder to the slurry [173]. Mixing speed and
time are the same as used in the 1st stage, ensuring all components
are dissolved in the solvent, and then stopped. Excess mixing can
result in the agglomeration of slurry components and poor densities (high porosity), thus keep no more than 24 h [173].
The next stage is de-airing the slurry, in order to remove air
trapped during both milling stages, able to transform into porosity
after drying and/or burn-off and act as origin points of micro-cracks
and subsequent fracture of the ceramic piece during sintering.
Gentile stirring under partial vacuum can be implemented to
encourage the removal of the bubbles but should be minimised as
the vacuum can lead to solvent evaporation.
Monitoring rheological behaviour and density after preparing
the slurry, one can determine viscosity under shear stress and
predicted behaviour during tape casting. It can be checked to
determine whether the slurry is suitable for casting, within
acceptable parameters such as having a viscosity between 5006000 mPa s [173] and also showing pseudo-plastic behaviour.
The dominant inﬂuencing factors of slurry composition on the
ﬁnal piezoelectric and ferroelectric performance typically relate to
producing a fully dispersed ceramic matrix with evenly dispersed
templates ready for tape casting. The aim being after tape casting
and lamination, all slurry components are burned off completely,
leaving only the ceramic and template. Residual slurry components
and poor mixing will result in increased porosity during sintering
and signiﬁcantly reduced texturing factor, thereby inducing sites
for microcracks to propagate and a hybrid of textured and untextured grains, signiﬁcantly reducing poling efﬁciency and therefore
piezoelectric and ferroelectric performance.
Considering all of these steps into the preparation of the slurry,
it is possible to minimise, or even eliminate, potential defects that
could appear during tape casting and subsequent processing,
thereby increasing potential texturing factor and performance.
2.3.2. Tape casting stage
The equipment used during tape casting primarily involves
extruding the slurry from a reservoir prior to the casting blade,
extrudes slurry past the blade onto the carrier substrate and feeds
outwards to form one continuous tape. The function to a tape caster
is the casting of slurry via the doctor blade onto the carrier substrate. The excess of slurry that isn’t cast underneath the doctor
blade is wiped back into the reservoir to be cast later. The slurry left
behind is then dried and becomes the green tape. This method is
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Fig. 8. Flowchart of the processes and components involved in slurry preparation.

cost-effective, increased production rate and adjustable thickness
tolerances of the ﬁnal tape. The green tape thickness, relative
density, and shape are all dependent on the processing parameters
of the tape caster.
For the purpose of TGG, the most important objective during
tape casting (apart from producing a suitable green tape) is the
perfect orientation of the template seeds (template surface is parallel to the casting direction), thus ensuring the textured ceramic
grains during sintering are all textured in the same direction,
<00l>.
In the following, the various parameters include during tape
casting and afterward will be explored and their impacts on the
ﬁnal green tape will be discussed.

was suggested the use of polymeric papers as casting substrate due
to their cost-effectiveness, compatibility with most binders, solvents and plasticiser and ease of removal [173]. Other alternatives
such as Teﬂon [180] have been used for ease of removal after drying
of the green tapes.
After the equipment is chosen and calibrated for optimal casting
conditions, the tape thickness is then reliant on the following four
factors: Blade gap, casting speed, slurry viscosity, and reservoir
height. A parameter, P, to quantify the ratio between pressuredriven forces (DPH2 ) and slurry-driven forces (2mtblade Ucarrier )
[190] in Equation 8:

P¼
2.3.2.1. Tape caster. The tape caster itself will directly affect the
quality, dimensions, and shape of the green tapes produced. It was
suggested that keeping the temperature constant in both condition
and delivery of the slurry to the blades, this in order to maintain
uniform slurry viscosity from the reservoir [173]. A diagrammatic
representation of a typical tape caster with relevant parameters can
be seen in Fig. 9.
Increased temperature can result in solvent evaporation and the
premature drying of the slurry during casting, forming ‘clumps’ and
an inconsistent texture. Extra care is required to ensure complete
de-agglomeration during slurry mixing. Temperature control can
be utilised during the drying stage as heating the substrate can
promote uniform solvent evacuation throughout the thickness of
the ceramic. This will be discussed in detail later.
The casting blade, which the slip passes through between the
carrier substrate beneath, deﬁnes the proﬁle of the green tape. It
needs to be ﬂat and smooth as rough surfaces could result in an
uneven surface, pooling on either side of the blade, either within
the slip reservoir or on the outer side. The residual slurry can
remain on the outer edge of the blade and dry, and then be carried
over onto the tape to form an uneven surface that is improperly
bound to the green tape.
Casting substrate used varies from experiments. Default being
smooth glass; due to its chemical inertness [148]. One issue is
excessive tape adhesion to the substrate will make it difﬁcult for
removal, resulting in destroying the original tape dimensions. It

DPH2
2mtblade Ucarrier

(8)

Where DP is the reservoir pressure, H is the blade gap, m is the slurry
viscosity, tblade is the thickness of the blade and Ucarrier is the carrier
speed. Relating this model for the purposes of TGG, it is believed the
components contributing to slurry ﬂow (2mtbladeU) will result in an
increased degree of particle orientation [191]. More speciﬁcally,
increasing carrier speed, increasing slurry viscosity and template
concentration would maximise template orientation parallel to
casting direction. A graphical representation of the effects of
varying the ratio P is displayed in Fig. 10.
Dominating slurry-driven forces (2mtbladeUcarrier ) would result in
a green tape thickness smaller than the blade gap: advantageous
for template orientation due to increased Brownian motion but
requiring more layers to laminate. With increasing pressure-driven
forces (DPH2 ) (P > 1) the green tape thickness will increase but
excessive forces (P > 3) would result in increased thickness,
desirable for manufacturing but unlikely to orientate the particles
homogenously throughout the increased thickness due to the
decreased probability of Brownian motion.
Other casting factors must be considered in producing a suitable
green tape for sintering and TGG. By maximising slurry ﬂow, the
subsequent green tape will become more difﬁcult to cast due to its
higher viscosity combined with increased carrier speed, leading to
‘jamming’ at the doctor blade. By considering the other four factors
mentioned above, a compromise can be made in which an optimal
quality green tape can be tape casted with an optimum degree of
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Fig. 9. Diagram of a typical tape caster as it is casting slurry (shaded) with templates (lines) being oriented along casting direction.

Fig. 10. Effect of varying ratio P on the ﬁnal green tape thickness.

template orientation.
2.3.2.2. Blade gap. The blade gap between the casting blade and
the carrier is considered to be the most signiﬁcant effect on the ﬁnal
green tape characteristics. It deﬁnes the ﬂow proﬁle and hence the
slurry velocity. The blade gap is proportional to the slurry and
carrier velocities, rather than the direct ﬁnal green tape thickness.

The effect on the ratio of slurry and carrier speed will be discussed
in Section 2.3.2.3. The extent of the blade gap will not linearly affect
the resultant green tape thickness so must be measured in-situ.
The blade itself is easier and more effective to vary than
changing the slurry properties when comparing the pressuredriven and slurry-driven forces. For example, by using thinner
blades the slurry-driven forces are reduced resulting in increased
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slurry velocity and thicker green tapes. This is setback by either
increased maintenance of the blade to keep polished and ﬂat for
smooth and levelled green tape surfaces. A ﬁnal point is keeping
the blade gap consistent throughout the width of the tape caster for
obvious reasons. In terms of TGG ceramics, minimising blade gap
would ensure slurry-driven forces aid in the template surface
parallel to casting direction but should not be smaller than that of
both the thickness and length of the template seeds themselves.
The carrier speed is proportional to the green tape production
rate. The carrier motion under the reservoir and the casting blade
creates a shear force, both modifying the slurry viscosity and
therefore the slurry-driven forces.
The wet thickness of the green tape is relative to the ratio of
casting and carrier velocity. That is, slower carrier speeds than that
of the slurry will result in higher tape thickness than that of the
blade gap. It would be beneﬁcial to increase the blade gap and
carrier speed to increase the thickness and reduce slurry build-up
on the outer edge of the casting blade. By casting at equal carrier
and slip speeds, it is possible to obtain tape thickness equal to that
of the blade gap. By attempting to equal blade gap to tape thickness,
this would make template orientation more controllable in terms of
orientation without jamming during casting.
2.3.2.3. Slurry viscosity. The slurry’s rheological behaviour can
affect the thickness and also the degree of template orientation
during and post-casting. For uniform viscosity, the slurry needs to
be completely homogenised, which is a function of both viscosity
and particle chemistry right up to the point of casting and subsequent drying. Particularly with denser ceramic particles, it becomes
harder to suspend uniformly. This can be maintained by using longpolymer chained binders and constant stirring once in slurry.
In terms of casting, slurry with lower viscosity will be easier to
deform under the blade. Higher level of slurry in the reservoir can
result in pushing under the casting blade, resulting in a thicker
green tape after casting which is larger than that of the gap. Temperature prior to and during casting can be increased in order to
reduce viscosity to aid ﬂow under the blade but may induce solvent
evaporation, making it possibly counterproductive. Therefore, it is
important to determine, through experimentation and observation,
an ideal viscosity that produces tape thicknesses equal to that of the
blade gap and induce template seed orientation.
In terms of the ideal slurry’s rheology, it is favourable to obtain a
slurry showing reversible ‘shear thinning’ properties: Decreasing
viscosity with increasing shear stress, t. It has been proposed that
the rearrangement of particles in solution into parallel slip planes
along ﬂow are formed to reduce particle collision and ease of ﬂow;
reducing viscosity [192-194]. For the sake of casting, the slurry
would ﬂow easier under the casting blade then revert to resting
viscosity after the removal of shear forces. The opposite effect of
this, ‘shear thickening’, typically occurs in slurries with high density and low volumes of solvent and binder. This occurs due to the
formation of ‘hydroclusters’ under a critical t of suspended particles, resulting in an increased viscosity. This is to be avoided as this
can result in ‘clogging’ the blade gap and preventing slurry from
being cast [195]. This can also be avoided by increasing solvent and
Type II plasticiser content in the slurry.
The interaction between the slurry and the surface energy of the
carrier can determine the quality of the green tape. Wetting the
carrier surface, a thin, uniform layer of green tape can be deposited
readily for drying. Typically, the edges are trimmed due to inconsistent thickness, but to minimise this sacriﬁcial amount, the contact angle between tape edge and carrier surface can be maximised
by increasing content of ceramic particles, thereby increasing viscosity and density.
If a slurry is required an increased viscosity, inducing thixotropic

properties after slurry formation and before casting will increase
viscosity due to the formation of weak bonding throughout the
slurry [173].
As discussed, there are both advantages and limitations to
increasing slurry viscosity. It is recommended to induce higher
slurry viscosity to produce consistent green tapes with possible
‘shear thinning’ properties to aid with casting.
2.3.2.4. Reservoir height. Prior to casting, one of the frictional forces
acting as part of the slurry velocity is the height of the slip prior to
being fed between the carrier and the casting blade, otherwise
known as the reservoir height. It provides pressure to the slurry,
pushing it underneath the blade. If the casting blade friction (blade
thickness) or slurry friction (viscosity) are larger than the pressure
from the reservoir height, the effect of the blade gap is minimised.
In this, and most cases, reservoir height would have to be thoroughly considered when a thin blade and reduced slurry viscosity
are used. In the case where the blade is moving whilst the carrier is
stationary (therefore the blade velocity is equal to the carrier
speed), the slurry pressure is controlled in units of pressure, which
can be calculated as displayed in Equation 9 [173]:

P¼

mg
&m ¼ Vs rs
Aorifice

(9)

Where g is the acceleration of gravity, Aoriﬁce is the area of the oriﬁce
between the casting blade and carrier, Vs and rs is the volume and
density of the slurry respectively. Assuming that area of the oriﬁce
remains constant (width and length) and the density of slurry is
uniform; the pressure of the slurry relies primarily on the height of
the slip.
The optimum height should be kept as high as possible to
reduce the ﬂuctuation of reduced pressures. Inversely a low height
would be necessary with low slurry viscosity, decreased carrier
speed and larger blade gap to avoid potential “welling” on the other
side of the casting blade. The reserved slurry on the outer blade
dries off and then carried off onto the tape). Excessive reservoir
height will increase slurry dwell time in the reservoir near the inner blade, resulting in skinning and setting.
Considering the reservoir height along with the other factors, all
need to be carefully considered and appropriated accordingly in
order to compensate any short fallings of one or more of the other
factors. The blade gap height should be larger than that of the
template seed size of any orientation, using slurries with higher
viscosities and a controlled carrier speed to ensure it is matching
that of the slurry velocity (which is a function of the reservoir
height). For good practice, the reservoir height along with blade
gap, casting velocity and slurry viscosity should be recorded after
each run in order to determine the optimum combination of variables that maximise tape thickness and template orientation parallel to casting direction.
After casting, the solvent within the green tape will begin to
evaporate on the tape surface, an important stage as the tape solidiﬁes for further processing. Ideally, the entire green tape would
dry across the entire thickness uniformly, leaving a uniform
chemical composition and no residual solvent. There exist two
mechanisms for drying: the ﬁrst being the evaporation rate on the
surface, and the second being the rate of diffusion within the
thickness towards the surface for the ﬁrst mechanism to occur. The
second is the limiting factor and hence signiﬁes the drying rate of
the overall green tape. Engineering practice suggests either
increasing the second mechanism rate or decreasing the ﬁrst
mechanism rate so they are similar. Methods of slowing surface
evaporation include changing the type of solvents used, reduced air
ﬂow by saturating the local atmosphere with the solvent or
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decreasing the ambient temperature to inhibit evaporation.
Methods of increasing the second diffusion/drying mechanism
include reducing the content of binder (gel-network acts as ‘hurdles’ for diffusion), increasing matrix particle size, increasing wet
ﬁlm temperature or exposure. This can also be extended to using
more solvent to dilute binder, plasticiser, and particles as all of
these can make diffusion of solvent to the surface more difﬁcult as
the tape becomes drier over time.
The temperature must be controlled as increasing it may increase surface evaporation and diffusion, resulting in a solvent
concentration gradient between the surface and centre of the green
tape. This inhomogeneity results in ‘skin’ formation on the surface
that traps solvent in the thickness of the tape. To remedy this,
equalising the solvent concentration gradient throughout the green
tape will help normalise the evaporation throughout the tape.
Using a carrier surface with temperature control is one possible
method to promote this.
With increased drying, shrinkage occurs as the solvent is
evaporated and the Tg of the tape increases, becoming more and
more solid due to the binder, with some residual solvent trapped
within the gel network. This is considered normal as increased
drying will increase the quantity of the laterals stresses associated
with a stiffer network, potentially resulting in warping of the green
tape under plastic deformation. This can be alleviated with the
introduction of Type I plasticiser, which will induce elasticity into
the binder-gel-network directly as Type II acts as a lubricant along
with the solvent.
Upon further drying, several defects with varying nature
become apparent. The worst being cracking: internal stresses
originating from pores, fracturing the green tape and need to be
discarded. Some degree of edge curling is expected due to thinner
edge pieces but is typically trimmed off at the edges to obtain a
uniform tape thickness. It was suggested that tapes below 50 mm
showed minimal defects while thicker tapes above 635 mm require
more Type I plasticiser to prevent severe drying defects [173].
In summary, there are multiple parameters that must be
considered and controlled for one to produce suitable green tapes
of the required thickness. For orientating template seeds uniformly,
the slurry needs to have higher viscosity, much thicker than the
template seeds and a cast at an increased speed [181, 196-198]. By
increasing thickness and template orientation, piezoelectric and
ferroelectric responses are expected to increase due to the
increased polarisation alignment after sintering. From applications
viewpoint, casting thicker tapes signiﬁcantly reduces time and
energy required to stack and laminate multiple tapes for a desired
speciﬁcation.
2.3.3. Pre-sintering stage
After casting and drying of the green tape, it is typically done
that the green tapes are cut into shapes or sheets of equal dimensions. In particular, it is desirable to obtain thicker ceramics
that will produce realistic piezoelectric readings. It is also at this
stage that green tape characteristics such as tensile strength, bend
radius and stiffness can be tested and linked to the resultant
ceramic performance.
Due to the induced gel-network of the binder and induced
plasticity during slurry formation, lamination of sheets or discs are
entirely possible in which multiple tapes are combined into one
solid piece for sintering. The following will describe the several
stages to be completed in textured piezoceramics before the sintering stage.
2.3.3.1. Laminating. Lamination primarily involves merging multiple green tapes into one larger piece whilst retaining the microstructure and orientation of templates within each tape into one
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fuller piece. The parameters and considerations in laminating have
been described, in which the temperature, pressure and lamination
time need to be controlled precisely [173, 199-202].
The temperature applied under uniaxial lamination must be
dependent on the binder and plasticiser used. Tg of the combined
effects of the binder and the plasticiser will determine the
acceptable lamination temperature but allow the merge of several
parallel gel-networks while minimising the change in thickness.
The number of layers to be laminated, and therefore the ﬁnal
laminated tape thickness need to be considered. Exceeding thickness will induce a temperature proﬁle throughout the entire
thickness, resulting in incomplete binding of layers. Longer pressing times and lower temperatures will help normalise the temperature proﬁle throughout and minimise delamination of layers.
Methods proposed in aiding the lamination process includes
using a silicone coating on each press (reduce adhesion of tape and
press), lower pressure to allow for pre-heat (even temperature
proﬁle throughout tapes) under 100  C with heating rate of 5  C/
min, increase pressure (1.4e138 MPa) and held for 3e4 min [173].
Other works have used lamination conditions varying from laminating at room temperature and high pressures, ranging from 50130 MPa [19, 138, 139, 178, 181] to high temperatures at low pressures for an extended time. For example, 55  C under 30 MPa [21],
60  C under 40 MPa [15], 70  C under 12e20 MPa for 15e20 min
[179], 75  C and 20 MPa for 1 h [5, 20, 23, 113, 149, 203], 75  C under
80 MPa for 10 min [186], 80  C at 10e20 MPa for 15 min [86, 140]
and 90  C under 40 MPa for 30 min [16], have been reported. From
the reviews, applying a light pressure between 20-40 MPa with the
temperature between 60-80  C for an extended time (10e30 min)
should be sufﬁcient to laminate all sheets without distorting the
thickness.
The purpose is to make a thicker, workable ceramic piece for
sintering and further testing, without burning-off the binder or
other slurry components, or even induce calcination. This will come
in the following stage.
2.3.3.2. Burn-off. The burn-off or burnout stage is an important
stage as the objective is to eradicate all binder and other organic
components from the green tape before the sintering stage.
Depending on the types of slurry components used (Binder, plasticiser and dispersant) during tape casting, the burn-off temperature and holding time needs to be adjusted to ensure all residue is
removed into the atmosphere. It is also important for ﬂowing air in
and out of the furnace to ensure the burnt-off compounds are
evacuated form the furnace chamber. The residual pores made from
the absence of binder and other components are of signiﬁcant
concern and need to be minimised before sintering to increase
mechanical properties and density.
One important issue of concern during burn-off is the potential
cracking and partial sintering that may be induced, with using
increased temperatures. For this, using a slower heating and cooling rate in the furnace will minimise this problem. The furnace
temperature should be roughly equal to the vaporisation temperature of the binder, and exposure time is sufﬁcient to ensure
complete burn-off of all components within the tape as residual
components will oxidise during sintering, leaving voids and
reducing the cations in the ceramic, which will affect the mechanical, piezoelectric and dielectric properties of the sintered
pieces. Several binder alternatives for use in tape casting have been
analysed for their burn-off temperature and residual mass, with
several burning out at lower temperatures (and minimal residue)
whilst other requiring higher temperatures but with no residual
mass present after burn-off [176, 204, 205].
Previous works have used different burn-off conditions, ranging
from 400  C for 3 h [153], 500  C for 2 h at 0.5  C/min [138], 500  C
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for 4 h [177], 600  C for 1 h at 0.86  C/min [139], 700  C for 3 h [147],
700  C for 2 h [178], 400e600  C for 4e6 h at 0.3  C/min [21, 23, 86]
to 600  C for 6 h at 0.3  C/min [113, 203].
From these works, it appears that a suitable burn-off proﬁle
would be that of 600  C for 3e4 h at a slow heat/cool rate of 0.3  C/
min, certainly this depends on organic components and sample
dimension.
2.3.3.3. Cold isostatic pressing (CIP). The CIP is ﬁnal stage prior to
sintering the laminated piece, this ensures the tape is condensed
and compacted by minimising or removing any voids or pores that
have formed after the burn-off stage, as well as to reduce the
general porosity of the tape. Typically completed at room temperature, the piece is sealed in a skin-tight vessel and placed in a
chamber in which a pressure is applied from all directions inwards
to compress the ceramic.
Several works have utilised CIP to prepare for sintering of
ceramic tapes with template seeds under varying pressures and
times such as 98 MPa for 2 min [177, 178] and even up to 200 MPa
for 3 min [20, 21, 23, 86, 113, 149, 151, 203, 206]. Based on the
simplistic function of CIP and the popularity, CIP under 200 MPa for
3 min can be adopted as a tested and popular choice. In terms of
effects on the orientation and template seeds themselves, it is
possible for the platelets to be ruptured or broken with excessive
CIP and therefore the microstructure must be observed after sintering and possibly lowering the CIP pressure would be required.
Each stage of pre-sintering is crucial and can directly affect the
ﬁnal piezoelectric and ferroelectric performances: the objective to
fabricate a sufﬁciently thick piezoceramic, remove all unnecessary
components or impurities and increase density (Reduce porosity)
before the ﬁnal sintering stage. The porosity and any residual will
severely impact the piezoelectric properties of the sintered
textured ceramics, by degrading the Lotgering factor in the textured
ceramics. In addition, the existing porosity in the ceramics will
decrease the breakdown strength thus affecting the poling procedure, while the carbon residue will lead to reduced cation activity, thus increase the conductivity and loss of the ceramics.
2.3.4. Sintering stage
The sintering is the ﬁnal stage in the fabrication of textured
piezoceramics and arguably the most signiﬁcant stage that will
provide the driving force for texturing the ceramic particles. The
ceramic matrix does not melt into a liquid phase, but rather begin
nucleation at the template/matrix interface, a high-energy region
in the microstructure and undergoes grain growth mimicking the
morphology and polarisation direction of that of the template seeds
via adsorption of surrounding ceramic particles. The main objective
being sufﬁcient grain growth of textured grains, leaves little to none
unreacted (or untextured). Typically sintering temperatures of over
1000  C for several hours are used to promote texturing of various
ceramic systems [17].
The effects of increasing sintering temperatures on the microstructure and subsequent degree of texturing have been explored
in previous years. By increasing the sintering temperature of
Sr0.53Ba0.47Nb2O6 (SBN53) textured with KSr2Nb5O15 (KSN) templates [163] showed increased intensities of <00l> peaks and little
others, typically associated with extremely high degrees of
texturing (and some associated with the template used). An
example of the effects of increasing sintering temperature on the
degree of texturing is displayed in Fig. 11.
As grain growth occurs during sintering, so does the density of
the ceramic increases with sintering, leaving little to no porosity.
This was conﬁrmed experimentally with increasing relative density
as a function of sintering temperature (Fig. 12).
This can also be translated into increasing sintering time

resulting in better degrees of texturing [15]. Crystal alignment and
ceramic density are initially slow but rapidly increase with
increasing sintering temperature and time. At this stage, nucleation
has initiated on template surfaces and grain growth occurs by
consuming surrounding matrix powders. Relative density and
texturing begin to slow down and reach a maximum with increased
sintering temperature and exposure time as there remains little to
no ceramic particles not used in the oriented grain growth. This
evolution of grain growth can be visualised in Fig. 13, observing the
microstructure at different sintering temperatures and holding
times of PIN-PMN-PT with BT templates [20]. The tapes were
heated to the stated sintering temperatures at a rate of 6  C/min,
held for the relevant time, then air quenched.
In PMN-PT textured ceramics, the degree of grain growth is
reduced when sintered in an open furnace as lead volatilisation at
high temperatures is observed [151]. This deﬁciency of PbO acts to
limit mass transfer within the ceramic, resulting in reduced grain
sizes. However, this was disputed, as TGG would not occur in the
PbO-deﬁcient atmosphere, as it acts as a sintering aid even with
increased sintering temperatures and holding time [162]. Multiple
other works contain the green tape with excess PbO powders and
other precursor powders in order to compensate for this loss and
enhance TGG [151, 162, 183, 207].
For experimental reasons, an appropriate temperature and
holding time to maximise texturing and increase ﬁnal density must
be developed. Excessive sintering could result in potential diffusion
of template ions into the ceramic, altering the composition while
insufﬁcient sintering can result in an incompletely textured
ceramic. As mentioned previously, a two-step sintering proﬁle may
be implemented to initiate nucleation at a higher temperature,
then held at a lower temperature for extended periods to facilitate
grain growth of ceramic particles [54, 160]. Complete sintering and
densiﬁcation are essential to ensure maximum texturing, in addition, the domain size of the textured ceramic is related to the ﬁnal
grain size, thus will affect piezoelectric and ferroelectric responses
[43, 208].
At this stage, the textured piezoceramic fabrication is
completed. Once all the steps in the processes are veriﬁed and all
the variables controlled to produces a high quality textured ceramic
piece, the next stage is to characterise its piezoelectric and ferroelectric properties, which will be discussed in Section 3.
3. Characterisations of textured ceramics
The characterisation stage is the pivotal stage in which the
performance of the relevant textured piezoceramic is tested, in an
effort to quantify the effects of various processing parameters on
the resultant properties. Methods of testing the piezoelectric and
ferroelectric properties of textured piezoelectric materials have
been thoroughly established [145, 209-211]. The following will
discuss the standard tests conducted on textured piezoceramics
and their signiﬁcance to potential applications.
3.1. Microstructure & degree of texturing
Typically, microstructure and texturing degree are the primary
tests to be conducted on the textured ceramic due to their nondestructive testing nature, minimal preparation requirements and
setup time; observing the microstructure visually and qualitatively
(with a degree of quantiﬁcation). The crystal orientation of the
ceramic is an important stage to determine whether textured grain
growth has occurred and to what degree.
3.1.1. X-ray diffraction (XRD)
The use of XRD in materials science and engineering is
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Fig. 11. X-ray diffraction patterns of textured SBN53 ceramics (With 15.4 wt% KSN templates) held for 4 h (Reproduced with permission[138]. Copyright 2004, John Wiley and Sons).

by comparing the intensity of desired peaks against the total
number and intensity of the present peaks. A factor for determining
the degree of orientation along a speciﬁc orientation was developed in the late 1950s, known as the Lotgering factor [212] displayed in Equations 10-12:

fð00lÞ ¼

Pð00lÞ ¼

P0 ¼
Fig. 12. Inﬂuence of sintering temperature in a randomly-oriented sample on
preferred orientation of the top (D), bottom (c) (Reproduced with permission [191].
Copyright 2007, John Wiley and Sons).

considered a ‘staple’ test in many stages of fabrication as it allows
the user to determine qualitatively the presence of certain orientations upon the ceramic’s surface. Certain materials and/or crystal
structures attain certain combinations of orientations, which are
compared to a list of standards for comparison.
In terms of texturing, the degree of texturing can be measured

Pð00lÞ  P0
1  P0
SIð00lÞ
SIðhklÞ

SI0ð00lÞ
SI0ðhklÞ

(10)

(11)

(12)

Where SIð00lÞ is the summation of the XRD peak intensities of all of
the (00l) peaks in the textured sample pattern, SIðhklÞ is the sum of
the peak intensities of all (hkl) peaks on the pattern, SI0ð00lÞ and
SI0ðhklÞ are the sums of the (00l) peaks and (hkl) peaks of a
randomly oriented ceramic respectively. This method has been
used to effectively quantify the degree of orientation of the ceramics in multiple works [6, 19, 85, 138, 151, 185, 213], and is a
decent indicator to the resultant polarisation orientation. The only
limitation is the production of randomly oriented ceramics (Not
containing templates) and testing every time as a control.
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Fig. 13. SEM images of BT template in PIN-PMN-PT matrix showing differing stages of [001] oriented grain growth at different sintering conditions. (a) 1000  C (0 h), (b) 1100  C
(0 h), (c) 1250  C (0 h) (d) 1250  C (2 h), (e) 1250  C (10 h) and (f) 1250  C (15 h) (Adapted with permission [20]. Copyright 2016, Elsevier).

3.1.2. Scanning electron microscopy (SEM)
The SEM is a versatile metallurgical tool that can be used for a
variety of functions, from measuring the surface morphology of the
ceramic matrix to elemental analysis on a speciﬁc point or along a
speciﬁc line [8] (energy-dispersive X-ray spectroscopy, EDS). This
method is of use as we are able to measure the potential diffusion of
template seeds or cations into the ceramic matrix, as demonstrated
in Fig. 14.
Although not strictly quantiﬁable or absolute, it gives a qualitative indication on the template-matrix interface and potential
inter-diffusion of cations from either component into each other.
The images retrieved using the SEM is suitable to distinguish the
templates and matrix phases within the ceramic. It is also good
practice to use SEM to monitor the surface morphologies of the

Fig. 14. Line scanning element analysis of EDS across a BT template in a textured PINPMN-PT grain (Adapted with permission [20]. Copyright 2016, Elsevier).

template seeds and matrix powders from the precursor stage to the
ﬁnal template to measure the average dimensions of each particle
(and possible size distribution) and determine whether suitable for
further processing or should any issues arise relating to poor
texturing.
3.2. Piezoelectric and ferroelectric measurements
Measuring the piezoelectric and ferroelectric characteristics of
ceramics has been relatively established and unchanged in the last
many years. From these, we are able to obtain several characteristics in any given orientation to characterise the ceramic effectively,
so we can accurately link characteristics to relevant processing
parameters.
3.2.1. Piezoelectric characteristics
Several testing methods can be conducted in order to measure
various piezoelectric properties; the most indicative of performance can be recorded from Berlincourt d33 tester (direct piezoelectric effect), strain-ﬁeld (converse piezoelectric effect) and
resonance measurements based on IEEE standard on piezoelectricity [211]. For measuring said properties, it is common practice to
electrode the ceramics with either gold [17, 111] or silver [168, 189,
206], and electrically poled with a dc bias within a silicone-based
solution for a short amount of time at different temperatures
based on the material systems. This is particularly important for
ceramics as polycrystalline ceramics are initially centrally symmetric and will not exhibit ferroelectricity.
From a laser interferometer or linear variable differential
transducer/strain gauge, a measurement of the strain as a function
of the applied electrical ﬁeld is obtainable. An example of this
output can be seen in Fig. 15.
From this graph, the piezoelectric coefﬁcient d33 is determined
from the slope of the strain-electric ﬁeld curve; in pm/V. Measuring
dij in different conditions can be easily conducted by orienting the
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Fig. 15. Strain as a function of applied and removed electric ﬁeld of textured, untextured, and single-crystal PMN-0.325PT (Adapted with permission [19]. Copyright 2005,
John Wiley and Sons).

applied electric ﬁeld with respect to the original ceramic’s textured
direction. Also, the strain at a given electric ﬁeld can be measured
and recorded as an indication of the materials’ ability to undergo
mechanical deformation under electric ﬁeld before fracturing or
inducing cracking, showing the piezoelectric behaviour or phase
transition. The difference between the applied and unloaded electric ﬁeld is typically known as the piezoelectric hysteresis and is
linked to domain wall/grain boundary motion, which is the
extrinsic contribution to piezoelectric property [19]. In addition,
the piezoelectric voltage coefﬁcient (g33) can be determined by
dividing d33 by the corresponding permittivity (ε33).
Other factors such as planar electromechanical coupling factor
(kp) or effective electromechanical coupling factor (keff) can be
determined by resonance and anti-resonance frequencies from the
impedance curve, measured by the impedance analyser.
The signiﬁcance of these parameters and characterisations
indicate the type of piezoceramic and its potential suitability in any
given application. For example, a textured piezoceramic with high
d33 and kp would be useful in high-sensitivity piezoelectric applications like imaging transducer and sensory applications [1].
3.2.2. Ferroelectric characteristics
The ferroelectric properties and behaviours of textured ceramics
can be determined using a modiﬁed Sawyer-Tower circuit to
measure dielectric polarisation versus electric ﬁeld (Otherwise
known as P-E hysteresis loops). A typical P-E hysteresis loop can be
seen in Fig. 16.
From this typical hysteresis curve, Pr and Ec can be extracted by
measuring the intersections with each axis of the loop. These are
associated with the ceramic’s ability to retain polarisation when an
electric ﬁeld greater than Ec is applied and then removed. Ideally, to
minimise Ec and maximise Pr will make it an efﬁcient piezoelectric
ceramic that will be easily poled and able to be retained, but lower
Ec will certainly destabilize the domain conﬁguration thus lower
the driving stability, not desired for high power application, which
requires large drive ﬁeld [1].
4. Textured lead-free ceramic systems: the piezoelectric
properties
As mentioned earlier, there have been resurgence of exploration
of several lead-free piezoceramic systems since the early 2000s.
During these times, several systems have been studied brieﬂy, and
some have been focused in-depth and used as a pre-set system by
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Fig. 16. P-E ﬁeld hysteresis for PMN-0.325PT ceramic containing 5 vol% BT templates
annealed at 800  C for 10 h and 1150  C for 5 h (Reprinted from Ref. [17] with the
permission of AIP Publishing).

modifying with other systems or dopants. The following will survey
the more common lead-free piezoceramic systems and their suitability for texturing.

4.1. KNN-based systems
Lead-free ceramic systems containing the basic (K0.5Na0.5)NbO3
has been explored in depth as a potential competitor to lead-based
piezoceramics. The KNN ceramic was ﬁrstly reported in 1950s,
where an MPB located at Na:K ¼ 1:1 separating two orthorhombic
phases but with inferior piezoelectric properties (d33 < 100 pC/N)
and very low dielectric constant. In 2004, d33 of up to 416 pC/N was
achieved in a textured KNN composition with temperatureindependent strain characteristics, which led the resurgence of
studies into KNN based lead-free piezoceramics [46]. The use of
sintering aids such as CuO or Sb2O3 [134, 206, 214] can improve
sinterability and reduce volatilisation of alkaline component as well
as increased d33. Keeping in mind this is without texturing
(randomly oriented grains) [134, 215]. Many derivations of KNNbased textured systems have been explored in recent years such
as (K0.5Na0.5)(Nb0.97Sb0.03)O3 (KNNS), (K0.5Na0.5)0.98Li0.02NbO3
(KNLN) and (K0.5Na0.5)(Nb0.85Ta0.15)O3 (KNNT) [113] and with use of
different templates such as NaNb0.8Ta0.2O3 (NNT20) [165].
(K0.47Na0.51Li0.02)(Nb0.8Ta0.2)O3 (KNLNT20) textured with NNT20
was able to achieve d33 ¼ 342 pC/N after sintering at 1150  C for 1 h
[165]. Further sintering would result in decreasing performance due
to possible volatilisation of alkaline components as well, suggesting a
sintering proﬁle implemented to promote initial nucleation then
temperature reduced and held to allow for anisotropic grain growth.
0.99(K0.5Na0.5)0.95Li0.05(Nb0.93Sb0.07)O30.01CaZrO3 [KNLNS-CZ] was
observed to obtain d33 ¼ 310 pC/N and tand ¼ 0.036 [216]. These
properties were suggested from the increased fraction of orthorhombic phase present at room temperature. Another variation is the
substitution of 0.02BaZrO3 (BZ) of CZ, allowed the existence in the
tricritical MPB with R-O-T phases. The resultant d33 value was optimum for the given system (~234 pC/N) but not comparable to 0.01CZ
system [29]. Another modiﬁcation consisting of using both CZ and
Sb0.03TaxO3 (ST) exhibited increased d33 ¼ 390 pC/N and kp ¼ 0.63
[32]. A different KNN-based system was also explored: textured
0.70(K0.48Na0.52)(Nb0.96Sb0.04)O30.30Bi0.50(K0.48Na0.52)0.50(Zr0.50Hf0.50)O3 [KNNS-BKNZH] with NN
templates, which attained d33 ¼ 434 pC/N, kp ~ 0.64 and Tc ¼ 275  C as
well as increased ferroelectric properties [28].
The mechanism of TGG of textured KNLN with NN templates
was explored and found that initial nucleation of textured grains at
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template-matrix interface begins at ~850  C, accelerating as temperature increases, templates and matrix react via inter-diffusion
[203]. This is expected and encouraged due to the chemical similarity between matrix and template; hence the template
completely diffuses into the matrix during TGG.
The KNN-based piezoceramic with the highest piezoelectric
properties, as of composing this review: 0.96(K0.5Na0.5)
(Nb0.965Sb0.035)-0.01CaZrO3-0.03(Bi0.5K0.5)HfO3
(96KNNS-1CZ3BKH) using NN templates and a two-step sintering technique.
Signiﬁcantly increased piezoelectric responses were reported
(d33 ¼ 700 pC/N, d33* ¼ 980 pm/V and kp ¼ 0.76) due to the
texturing and room temperature TR-O [54]. This recent ﬁnding is
considerably higher than most lead-free piezoceramics developed to date and is comparable to those of KNN lead-free single
crystals (Table 3).
In summary, KNN-based piezoceramics have been thoroughly
explored and reﬁned in efforts to increase their piezoelectric performances in order to make them a feasible alternative to leadbased piezoceramics. The common templates used are NN due to
their chemical similarity but it is possible to use modiﬁed templates
of similar composition and potential increase of texturing and
performances. Some works have not used texturing in KNN systems
before (randomly oriented) and could be seen as a potential starting point by texturing and observing their differences in performances with and without texturing.
4.2. NBT-BT based systems
Another actively investigated lead-free piezoceramic system
given due attention is the Na0.5Bi0.5TiO3 based (NBT) systems. As
mentioned, previously the ferroelectric properties of NBT systems
were reported, possessing high Pr and high Ec, making them
favourable for high-power applications. The viability of texturing via
TGG and RTGG using ST and Bi4Ti3O12 templates have been explored
and conﬁrmed in earlier studies [51, 139]. TGG was relatively more
simple to induce texturing during sintering (holding for up to 12 h at
1200  C and only 5 vol% ST templates were used) as opposed to RTGG
(requiring pre-sintering or a calcination step at 700e800  C before
sintering, otherwise no texturing was observed) where the BiT
templates were dissolved into the textured NBT-BT ceramics.
Varying the ratio of NBT and BT in the system was also explored
and piezoelectric properties were measured to quantify the effects
of changing ratios [51]. The optimum composition of 0.94NBT0.06BT was deﬁned due to this composition lying in the MPB region
of the system, and RTGG with BiT templates was completed,
showing increased kp when compared to untextured systems. This
same system was further investigated using RTGG but via differing
matrix precursors used for RTGG [153]. Using pre-synthesised BT
during RTGG, as opposed to the reactants in making BT, extensive
texturing was observed, and increased kp: from 0.121 to 0.232,
potentially due to ‘skipping’ a step by using pre-synthesised BT
instead of synthesising BT during RTGG. The formation of NBT
grains via diffusion of Naþ and/or Ti4þ onto BiT templates was
suggested to occur [153]. The piezoelectric responses obtained
from NBT-BT vary from d33 ¼ 200 pC/N with using ST templates via
RTGG [157], 254 pC/N using BiT templates, and up to 322 pC/N using NBT templates [47, 48].
Other alternatives of an NBT-systems explored such as
0.83(Bi0.5Na0.5)TiO3-0.17(Bi0.5K0.5)TiO3 (NBT-BKT) with 10 mol% NN
templates [217] have shown increased texturing (~92%) and
demonstrating electrostrictive Q33 values (~0.0354 m4/C2), yet with
no exploration into other piezoelectric properties. Doping with
other elements such as Fe has shown to slightly increase d33 of
Bi0.5(Na0.8K0.2)0.5TiO3 and Tc [6].
More complex NBT-based ceramic systems have also been

investigated, such as 0.92(Bi0.5Na0.5)TiO3e0.06BaTiO3e0.02
(K0.5Na0.5)NbO3 (NBTeBTeKNN) textured with 20 wt% (Na0.5Bi0.5)
TiO3 (NBT) templates, attaining texturing of ~80% [168].
0.92Bi0.5Na0.5TiO3-0.06BaTiO3-0.02BiAlO3 (NBT-BT-BA) was also
created on the basis that BA was recently found to possess
increased Pr and Tc, and adding it could increase the piezoelectric
properties [183]. Another example of NBT-based system is the
texturing of 0.85(Na0.5Bi0.5)TiO3-0.11(K0.5Bi0.5)TiO3-0.04BaTiO3
(NBT-BKT-BT) with Bi4Ti3O12 templates in an effort to replicate the
strain and piezoelectric response from its single-crystal counterpart [188]. Compared to their randomly-oriented counterpart, the
similarity in d33 (221e314 pC/N), kp (0.21e0.31) and tand
(0.037e0.039), signifying relative ineffectiveness of TGG in this
case. Adding excess Bi2O3 to enhance texture development, reduce
grain growth rate (retaining size difference between oriented
grains and matrix) maintaining the drive for oriented grain growth
in NBT has been explored [146, 218].
In summary, the piezoelectric performance of textured NBT-BT
ceramics is less than that of KNN systems. With favourable ferroelectric properties in retaining high Ec for high-power and high
duty cycle applications, textured NBT-BT is still a potential system
for further investigation into lead-free piezoelectric applications.
4.3. Others (BT and BCT-based)
Several other piezoceramic systems have also been explored in
recent years. Several will be reviewed and assessed as to whether
they can be further examined by texturing. Initially investigated in
2000, the notion of RTGG of CaBi4Ti4O15 (CBT) with BiT templates
was used to improve their piezoelectric performance by a factor of
two [219]. Ba(Ti0.8Zr0.2)O3-(Ba0.7Ca0.3)TiO3 (BTZ-BCT) has been
previously explored as a potential for both texturing and single
crystal forms for applications [69]. The ﬁrst reporting BTZ-xBCT via
solid-state reaction and sintering (randomly oriented) was able to
attain d33 of ~620 pC/N, though with thermal instability and low Ec.
At x ¼ 50 mol%, it existed in the MPB at room temperature, with
close proximity to the tricritical triple point on its phase diagram
along with increased Pr and strain.
Textured
versions
have
been
previously
explored.
(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 (BCZT) textured using 10 mol% BT templates resulted in increased piezoelectric response characteristics
(d33 ¼ 462 pC/N, kp ¼ 0.47, S ¼ 0.187%) [44]. Reduced lattice
mismatch and larger piezoelectric and ferroelectric properties are
also linked to additional peak intensities in XRD patterns at a given
sintering temperature, indicating the formation of differing orientations by exceeding sintering conditions. This trend is also evident
in other textured BCT-based systems such as (Ba0.85Ca0.15)(Ti0.90Zr0.10)O3 (BCTZ) [187].
A high piezoelectric property was reported in modiﬁed BCTZ:
(Ba0.94Ca0.06)-(Ti0.95Zr0.05)O3 with BT templates [43], attaining
d33 ¼ 755 pC/N. The ﬁndings suggested the template-matrix lattice
mismatch resulted in the nucleation point for textured grain
growth as well as domain formation, facilitating higher domain
wall energy and motion, enhancing ferroelectric capabilities (High
Pr and low Ec). These energetic domains, once reduced in size were
also known to be the source of the increased piezoelectric properties [43]. Other efforts included substituting Sr2þ with Ba2þ to
increase piezoelectric response characteristics [111].
In summary, several lead-free piezoceramic systems have been
suggested as potential candidates for both TGG and RTGG, in efforts
to increase their piezoelectric and ferroelectric responses.
5. Conclusion and perspective
Lead-free piezoelectric materials have undergone evolution
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from randomly oriented ceramics to single crystal form and now
focused on maximising piezoelectric performance via texturing due
to its effectiveness and ability to enhance piezoelectric response for
certain applications at low cost. The art of TGG has been surveyed
technically and efforts have been made to improve the properties
for real applications. However, there lies a gap between the effects
of fabricating parameters such as slurry components, green tape
characteristics, template properties, casting procedures and sintering proﬁle all combined in order to quantify their respective
effects on the ﬁnal properties of the textured ceramic. It is the
author’s belief that once all the variables have been monitored, and
the relevant behaviours and interactions with each other are understood, a product composed of the optimum fabrication variables
will produce excellent textured ceramics for use in potential applications. Consideration of processing parameters will also be of
use for future work and researchers to follow, be able to ‘tailor’ the
textured ceramics for certain applications by modifying the
texturing process.
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